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Operational validation and intercomparison of different types

of hydrological models

Jens Christian Refsgaard and Jesper Knudsen
Danish Hydraulic Institute. Horshoim. Denmark

Abstract.

A theoretical framework for model validation, based on the methodology

originally proposed by Klenes {1985, 1986]. is presented. It includes a hierarchial
validation testing scheme for model application to runoff prediction in gauged and
ungauged catchments subject to stationary and nonstationary climate conditions. A case
study on validation and intercomparison of three different- models on three catchments in
Zimbabwe is described. The three models represent a lumped conceptual modeling system
(NAM), a distributed physically based system (MIKE SHE), and an intermediate
approach (WATBAL). It.is concluded that all models performed equally well when at
least 1 vear’s data were available for calibration, while the distributed models performed
marginally better for cases where no calibration was allowed.

Introduction

In recent years waler resources studies have become increas-
ingly concerned with aspects of water resources for which data
are not directly available. Examples include studies of the
development potential of ungauged areas. ‘environmental im-
pacts of land use changes related to agricultural and forestry
practices, conjunctive use of groundwater and surface water.
and climate impact studies concerned with the effects on water
resources of an anticipated climate change.

In these and other types of studies. hvdrological simulation
models are often used to provide the missing information as a
basis for decisions regarding the development and manage-
ment of water and land resources.

Traditionally. hvdrological simulation modeling systems are
classified in three main groups. namely. (1) empirical black
box. (2) lumped conceptual, and (3) distributed physically
based systems. The great majority of the modeling systems
used in practice today belongs to the simple types (1) or (2)
and require a modest numbers of parameters (approximately
5-10) to be calibrated for their operation. Despite their sim-
plicitv, many models have proven quite successful in represent-
ing an already measured hydrograph.

A severe drawback of these traditional modeling systems,
" however, is that their parameters are not directly related to the
physical conditions of the catchment. Accordingly. it may be
expected that their applicability is limited to areas where runoff
has been measured for some vears and where no significant
change in catchment conditions have occurred.

To provide a more appropriate tool for the type of studies
- mentioned above. considerable efforts within hvdrological re-
search have been directed toward development of distributed
physically based catchment models. Such models use parame-
ters which are related directly to the physical characteristics of
the catchment (topography. soil, vegetation, and geology) and
operate within a distributed framework to account for the
spatial variability of both physical characteristics and meteo-
rological conditions. These models aim at describing the hy-
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drological processes and their interaction as and where they
occur in the catchment and therefore offer the prospect of
remedying the shortcomings of the traditional rainfall runoff
models.

Although there appears to be a certain degree of consensus
at the theoretical level regarding the potential of the distrib-
uted physically based tvpes of models. there are widely diver-
gent points of view as to whether they offer a significant im-
provement in actual performance when compared to the well-
proven lumped conceptual model type. Beven [1989, p. 161]
argues from theoretical considerations of scale problems that
“the current generation of distributed physically based models
are lumped conceptual models.” and. further. that all current
physically based models “are not well suited to applications to
real catchments.” Grayson et al. [1992] support this view and
claim that physically based models have been oversold by their
developers. Other authors. for example. Smith er al. [1994],
argue that this criticism is “overly pessimistic.”

An evajuation of the capabilities of hvdrological models
when applied in the absence of site calibration data and limited
validation data to predict the effects of major land use changes
was made by the Task Committee on Quantifying Land-Use
Change Effects {U.S. Committee, 1985], which reported a great
belief among committee members in the capabilities of 28
surface water hvdrological modeling systems. most of which
can be classified as lumped conceptual models. In view of the
limited number of model comparison studies conducted and
the less-than-encouraging results often obtained, this confi-
dence is remarkable. According to the U.S. Commiree [198S, p.
1]. “the reasons for this confidence were explored and appear
to be based upon personal experience, possibly tempered by
belief in the model originators.”

Owing 10 the complexity of the problems involved, further
theoretical evaluation is not likely to provide a definite con-
clusion regarding the capability and limitation of distributed,
physically based modeling systems. For establishing a basis to
better advance the discussion, relevant model validations ap-
pear to be a more fruitful approach, where the models con-
cerned simply are subjected to a range of practical modeling
tests to validate their capability for undertaking particular
tasks. '
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In this respect. Klemes [1986. p. 17]. has developed a hier-
archial scheme for model testing. which is based on the ph-
losophy that “a hvdrological simulation model must demon-
strate. before it is used operationally. how well it can perform

" = kind of task for which it is intended.” It mav appear need-

s to advocate such a basic and evident requirement. Unfor-
tunatelv. it is well justified in view of the current practice in
hvdrological mode! testing.

The present paper is based on results from a research
project conducted at the Danish Hvdraulic Institute (DHI)
[1993a]. The project had t™wo major objectives. The first objec-
tive was to identify a rigorous framework for the testing of
model capabilities for different types of tasks. The second
objective was to use this theoretical framework and conduct an
intercomparison study involving application of three modeling
systems of different complexity to a number of tasks ranging
from traditional simulation of stationary, gauged catchments to
simulation of ungauged catchments and of catchments with
nonstationary climate conditions. Data from three catchments
in Zimbabwe were used for the tests. The research project was
a contribution to project D.5, “Testing the transferability of
hydrological simulation models,” forming part of the World
Climate Programme—Water [World Meteorological Organi-
zation (WMO), 1985].

Some of the results of DA/ [1993a] were presented by
Refsgaard (1996] with a focus on modeling the land surface
processes and the coupling between hydrological and atmo-
spheric models within the global change context. Thus Refs-
gaard [1996] presents some of the results from two of the
Zimbabwean catchments to illustrate data requirements and

.form the basis for conclusions regarding which type of hvdro-

gical mode] is required for climate change modeling. The

present paper. on the other hand. emphasizes the modeling

methodology and contains a summary of all the test resuits

from all the three Zimbabwian catchments. It furthermore

provides a general discussion of these results with references to
similar studies reported in literature.

Theoretical Framework for Model Validation
Terminology

No unique and generally accepted terminology is presently
used in the hydrological community with regard to issues re-
lated to model validation. The framework used in the present
paper is basically in line with the terminology defined by
Schiesinger et al. {1979}, Tsang [1991], and Flaveile {1992] and
comprises the following key definitions.

A modeling svstem (i.e.. code) is a generalized software
package, which can be used for different catchments without
modifving the source code. Examples of modeling systems are
MIKE SHE, SACRAMENTO. and MODFLOW.

A model is a site-specific application of a modeling system.
including given input data and specific parameter values. An
example of a model is a MIKE SHE-based model.for the
Ngezi catchment (cf. the case study below).

A modeling system or a code can be “verified.” A code
verification involves comparison of the numerical solution gen-

. 'rated by the code with one or more-analytical solutions or
with other numerical solutions. Verification ensures that the
computer program accurately solves the equations that consti-
tute the mathematical model.

/:b Mode} validation is here defined as the process of demon-
strating that a given site-specific model is capable of making
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accurate predictions for periods outside a calibration period. A
model is said 10 be validated if its accuracy and predictive
capability in the validation period have been proven 1o lic
within acceptable limits or errors. It is important to notice that
the term model validation refers to a site specific validation of
a model. This must not be confused with a more general
validation of a generalized modeling svstem which. in princi-
ple. will never be possible.

Testing Scheme for Validation of Hydrological Models

The hierarchial testing scheme proposed by Klemes [1985.
1986] appears suitable for testing the capability of a model 10
predict the hydrological effect of climaie change. land use
change, and other nonstationary conditions. Klemes distin-
guished between simulations conducted for the 'same station
(catchment) used for calibration and simulations conducted
for ungauged catchments. He also distinguished between cases
where climate. land use. and other caichment characteristics
remain unchanged (are stationary) and cases where they are
not. This leads to the definitions of four basic categories of
typical modeling tests.

1. The split-sample test (SS) involves calibration of a
model based on 3-5 vears of data and validation on another
period of a similar length.

2. The differential split-sample test (DSS) involves calibra-
tion of a model based on data before catchment change occurs.
adjustment of model parameters to characterize the change.
and validation on the subsequent period.

3. In the proxy-basin test (PB) no direct calibration is al-
lowed. but advantage may be taken of information from other
gauged catchments. Hence validation will comprise identifica-
tion of a gauged catchment deemed to be of a nature similar to
that of the validation catchment; initial calibration; transfer of
model. including adjustment of parameters to reflect actual
conditions within validation catchment: and validation.

4. With the proxy-basin differential split-sample test (PB-
DSS). again no direct calibration is allowed. but information
from other caichments may be used. Hence validation will
comprise initial calibration on the other relevant catchment,
transfer of model to validation catchment. selection of two
parameter sets to represent the periods before and after the
change, and subsequent validations on both periods.

Relevant Literature on Model Intercomparison
Studies

The testing of hvdrological models through validation on
independent data has for a long time been emphasized by the
World Meteorological Organization (WMO). In their pioneer-
ing studies [WMO, 1975, 1986, 1992] several hvdrological mod-
eling svstems of the empirical black box and the lumped con-
ceptual types were tested on the same data from different
catchments. The actual testing, however, only included the
standard SS test comprising an initial calibration of a model
and subsequent vaiidation based on data from an independent
period. No firm conclusions were derived regarding significant
differences in performance among different model types.

Franchini and Pacciani [1991) made a comparative analysis
of seven different Jumped conceptual models. They used an SS
testing approach calibrating on a 1-month period and validat-
ing on a subsequent 3-month period. They concluded that in
spite of a wide range of structural complexity all the models
produced similar and equally valid results. With regard to the
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question of whether the simpler or the morc complex variants
within this group of modecls are better. they concluded that
significantly different models produced basically equivalent re-
sults, with calibration times being generally proportional to the
complexity of their structure. On the other hand. they con-
cluded that the model structure should not be made too sim-
ple. because it will then cause a loss of the link with the physics

_ of the probiem and of the possibilitv of taking advaniage of

prior knowledge of the geomorphological nature of the catch-
ment.

Other researchers have conducted similar intercomparison
studies involving empirical black box models and lumped con-
ceptual models {Naef. 1981; Wilcox er al.. 1990) with similar
conclusions.

Only a few studies have included comparisons of distributed
physically based models with simpler models. Loague and
Freeze [1985] in a classical study compared two empirical biack
box modeling svsiems (a regression model and a unit hydro-
graph model) and a quasi physically based system on three
small experimental catchments ranging from 10 ha to 7.2 km*.
The models were used on an event basis to simulate runoff
peaks. The two empirical models were calibrated against runoff
data and subsequently validated on independent data in an SS
approach. The parameter values for the quasi physically based
model were assessed directlv from field data and not subject to
any calibration before being validated against the same data as
the two other models. Loague and Freeze [1985] found that all
models performed poorly. For one catchment the quasi phys-
ically based model was subsequently applied with and without
calibration of one key model parameter. Such calibration had
little impact on the model performance during the validation
period. .

In a study in the semiarid 150 km” Walnut Gulch experi-
mental watershed Michaud and Sorooshian 1994} compared a
lumped conceptual model (SCS). a distributed conceptual
model (SCS with eight subcatchments. one per raingauge) and
a distributed physically based model (KINEROS) for simula-
tion of storm events. They found that with-calibration. the
accuracies of the two distributed models were similar. Without
calibration the distributed physically based mode} performed
better than the distributed conceptual model. and in both cases
the lumped conceptual mode! performed poorly.

Thus, as far as the test experience for distributed physically
based models is concerned. both Loague and Freeze [1985] and
Michaud and Sorooshian [1994] have performed tests on rela-
tively small experimental catchments with very good data cov-
erage. Both studies have used the models on ungauged condi-
tions (without calibration) but in all cases under stationary
climate conditions. The present paper presents results from
larger catchments in Zimbabwe with ordinarv data coverage
and performs a sequence of rigorous tests of increasing com-
plexity according to the hierarchial scheme outlined by Klemes
[1986]. involving intercomparisons berween lumped concep-
tual and distributed physically based models.

Hydrological Modeling Systems

The following three modeling sysiems (codes) are used in
the present study: a Jumped conceptual rainfall-runoff model-
ing system (NAM), a semidistributed hvdrological modeling
svstem (WATBAL), and a distributed physically based hvdro-
logical modeling system (MIKE SHE). The NAM and MIKE
SHE can be characterized as very typical of their respective

-

-t

classes. while the WATBAL fulis in berween these twe stan-
dard classes. All three modeling svstems are being used on
routine basis at the Danish Hydraulic Insttuie (DHI1) in con-
nection with consultancy and research projects.

NAM

NAM is a traditional hydrological modeling system of the
Jumped conceptual tvpe operating by continuously accounting
for the moisture contents in four mutually interrclated stor-
ages. The NAM was originally developed a1 the Technical
University of Denmark |[Nielsen and Hansen. 1975] and has
been modified and extensively applied by DHI in a large num-
ber of engineering projects covering all climatic regimes of the
world. Furthermore. the NAM has been transferred to more
than 100 other organizations worldwide as part of DHI's
MIKE 11 generalized river modeling package. The structure of
NAM is illustrated in Figure 1. The NAM has in its present
version a total of 17 parameters: however. in most cases only
about 10 of these are adjusted during calibration.

WATBAL

WATBAL was developed in the early 1980s bv DHI in an
attempt to enable full utilization of readily available. distrib-
uted data on land surface properties (topography. vegetation.
and soil) in a physicallv based model. and vet it is simple
enough to allow large-scale applications within reasonablc

-computational requirements. Here the WATBAL is briefly

introduced: more detailed information has been given by
Knudsen er al. [1986]).

WATBAL has been designed to account for the spatial and
temporal variations of soil moisture. On the basis of distrib-
uted information on meteorological conditions. topography.
vegetation. and soil tvpes. the catchment area is divided into a
number of hvdrological response units, as illustrated in Figure
2. with each unit being characterized by a different composition
of the above features. These units are used to provide the
spatial representation of soil moisture. while temporal varia-
tions within each unit arc accounted for by means of empirical
relations for the processes affecting soil moisture, using phys-
ical parameters particular to cach unit.

For the representation of subsurface flows a simple lumped.
conceptual approach is applied. using a cascade of linear res-
ervoirs to account for the interflow and baseflow components

_ (Figure 3). In summary. WATBAL provides a distributed phys-

ically based description of the surface processcs affecting soil
moisture (interception. infiltration. evapotranspiration. and
percolation). while a lumped conceptual approach is used to
represent subsurface flows. WATBAL has previously been
used successfully for prediction of runoff from ungauged catch-
ments [Nielsen and Bari. 1988].

MIKE SHE

MIKE SHE is a further development of the European Hy-
drological System—SHE [Abbortr er al.. 1986a. bl. It is a deter-
ministic. fully distributed and physicaily based modeling system
for describing the major flow processes of the entire land phase
of the hvdrological cycle. MIKE SHE solves the partial differ-
ential equations for the processes of overiand and channel flow
and unsaturated and saturated subsurface flow. The svstem is
completed bv a description of the processes of smow mclt.
interception, and evapotranspiration. The flow equations arc
solved numerically using finite difference methods.

In the horizontal plane the catchment is discretized in a
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Figure 1. Structure of the NAM rainfall runoff modeling system [DHI, 1994].

‘ network of grid squares. The river system is assumed to run
: along the boundaries of these. Within each square the soil
profile is represented by a number of computational nodes in
the vertical direction, which above the groundwater table may

9

units [Knudsen et al., 1986).

Figure 2. WATBAL representation of catchment characteristics and definition of hydrological response -

become partly saturated. Lateral subsurface flow is only con-
sidered in the saturated part of the profile. Figure 4 illustrates
the structure of the MIKE SHE. A description of the meth-
odology and some experiences of model application to ordi-
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Figure 3. Principal structure of WATBAL [Knudsen er al.. 1986].

nary catchments have been given by Refsgaard et al. [1992] and  tem. The characterization is. strictly speaking, correct only if it
Jain e al. [1992). A more detailed description has been given s applied on an appropriate scale. A number of scale problems

by Refsgaard and Storm [1995].

arise when the MIKE SHE is used on a regional scale [Refs-

MIKE SHE is usually categorized as a physically based sys-  gaard and Storm, 1995]. In addition. if there is a considerable
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Figure 4. Schematic presentation of the MIKE SHE [DHI, 1993b].
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Figure 5. Location of the three catchments in Zimbabwe. .

uncertainty attached to the basic information, and if the spatial

. and temporal variables (such as groundwater table elevations)

cannot be validated against observations, a MIKE SHE model
of that particular site cannot be considered fully physically
based but will degenerate towards a detailed conceptual
model. In this case the calibration procedure is usually to
adjust the parameters with the largest uncertainties attached,
within a reasonable range.

Case Study: Methodology
Selected Catchments in Zimbabwe

The three catchments in Zimbabwe that were selected for
the model tests are Ngezi-South (1090 km?), Lundi (254 km?):
and Ngezi-North (1040 km?). The locations of the catchments
are shown in Figure 5.

A brief data collection/field reconnaissance to Zimbabwe
was arranged to obtain relevant information. Daily series of
rainfall and monthly series of pan evaporation were obtained
from the Department of Meteorological Services. Records of
mean daily discharges as well as information on water rights
were obtained from the Hydrological Branch, Ministry of En-
ergy Water Resources and Development. Detailed informa-
tion on land use was obtained through subcontracting R. Whit-
low, University of Zimbabwe, to prepare land-use maps based
upon 1:25.000 aerial photographs. Furthermore, 1:50,000 to-
pographical maps were collected and digitized. Information on
vegetation characteristics was obtained from Timberlake {1989]
as well as from J. Timberlake and N. Nobanda, National Her-
barium (personal communication, 1989); B. Campell, Depart-
ment of Biological Sciences (personal communication, 1989);

and G. MacLaureen. Department of Crop Science. University
of Zimbabwe (personal communication, 1989). Information on
soil characteristics and hydrogeology was obtained from .Ander-
son [1989]. Finally, valuable information of various kinds was
provided by R. Whitlow, Department of Geography, Univer-
sity of Zimbabwe (personal communication. 1989); H. Elwell,
Agritex (personal communication, 1989); J. Anderson. Chem-
istry and Soil Research Institute, Ministry of Agriculture (per-

sonal communication. 1989); and others. A more detailed de-

scription is given in DHI {1993a]. .

The annual catchment rainfall and runoff for the periods
selected for modeling are shown in Table 1, while some of the
key features for the three catchments are presented in Table 2.
1t is noticed from the rainfall and runoff figures in Table 1 that
there are very large interannual variations. From Table 2 it
appears that there are significant differences in the vegetation
and soil characteristics from catchment to catchment.

Model Testing Scheme

The model testing scheme is illustrated in Figure 6. The
testing of the involved models has been undertaken in parallel
and in the following sequence.

1. The SS test was based on data from Ngezi-South com-
prising an initial calibration of the models and a subsequent
validation using data for an independent period.

2. The PB test involved transfer of models to the Lundi
catchment and adjustment of parameters to reflect the prevail-
ing catchment characteristics and validation without any cali
bration.

3. The modified proxy-basin (M-PB) test was as above, but

.
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Table 1. Annual Rainfall and Runoff Values for the Three
Zimbabwean Test Catchments .

Hvdrological Rainfall. - Runof,
Year mmAT mm/yr
Ngezi-South
19711972 890 131
19721973 - 317 2
1973/1974 ) 1290 349
1974/1975 1087 236
1975/1976 8719 . 90
1976/1977 872 116
1977/1978 1131 245
1978/1979 609 . 59
Lundi
1971/1972 920 _ 89
197271973 3N 2
1973/1974 1384 460
1974/1974 1046 217
1975/1976 857 89
1981/1982 416 T10
1982/1983 528 7
1983/1984 547 . 8
Ngezi-North
1977/1978 1047 156
1978/1979 730 ' 64
1981/1982 430 <12
1982/1983 395 1
-1983/1984 436 4

was adjusted by allowing model calibration based on 1 year of
runoff data.

4. For the DSS test, model calibration was based on data
from an initial calibration period, and validation was based on
data from a subsequent period. The differential nature of this
test is justified by the fact that the later independent period
includes three successive years (1981/1982-1983/1984) with a
markedly lower rainfall than would be otherwise and hence
represents a nonstationary climate scenario.

5. The PB-DSS test involved transferring the models to the
Ngezi-North catchment, adjusting the parameters to represent
the catchment characteristics, and validating them by runoff
simulation over a nonstationary climate period.

6. The modified proxy-basin differential split-sample (M-

PB-DSS) test was as above. though it allowed models to be
calibrated using a short-term (1 vear) record.

Evaluation Criteria

For measuring the performance of the models for each test.

a standard set of criteria has been defined. The criteria have
been designed with the sole purpose of measuring how closely
the simulated séries of daily flows agree with the measured
series. Owing to the generalized nature of the defined model
validations. it has been necessary to introduce several criteria
for measuring the performance with regard 1o water balance,
low flows, and peak flows.

The standard set of performance criteria comprises a com-
bination of the following four graphical plots and three numer-
ical measures: (1) joint plots of the simulated and observed
hydrographs; (2) scatter diagram of monthly runoffs; (3) flow
duration curves; (4) scatter diagram of annual maximum dis-
charges; (5) overall water balance; (6) the Nash-Sutcliffe coef-
ficient (R2); and (7) an index (El) measuring the agreement
between the simulated and observed flow duration curves.

The coefficient RZ, introduced by Nash and Sutcliffe {1970],
is computed on the basis of the sequence of observed and
simulated monthly flows over the whole testing penod (perfect
agreement for R2 is 1):

M
=1-2(05- Z(Q°- %)

m=1

Q)

where

M total number of months;

*, simulated monthly flows;

°  observed monthly flows;

Q° average observed monthly flows over whole period.
The flow duration curve error index. El, provides a numer-

ical measure of the difference between the flow duration curves

of simulated and observed daily flows (perfect agreement for

Elis 1):

El=1- j {folg) — fq)] dq/j folq) dg

where f_(q) is the flow duration curve based on observed daily
flows, and f(q) is the fiow duration curve based on simulated
daily flows.

Table 2. Land_-UsevVegeta'tion and Soil Characteristics Estimated From Available

Information and a Brief Field Visit

Catchment
Ngezi-South Lundi Ngezi-North
Land use/vegetation (area %)
Dense/closed woody vegetation 7 13 10
Open woody vegetation 36 25 35
Sparse woody vegetation 14 19 14
Grassland 11 39 16
Cropland ’ 29 3 19
Abandoned cropland 2 0 6
Rock outcrops 1 0 0
Soil depth range. m 0-2.5 0-1 0.5-6
Saturated hydraulic range: 1-250 range: 1-70 range: 2-100
g;d?nm? in root zone average: 80 average: 60 average: 50
Available water content in root range: 10-14 range: 10~12 range: 9-29
_2one soil, vol % average: 12 average: 11 average: 17
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Model calibration, i.e. adjustment of model
parameters to fit observed hydrograph

Model validation, i.e. no calibration allowed;
comparison with observed hydrograph

after simulation

33 : Split-sample test

L:] : Proxy-basin test

M-PB : Modified proxy-basin test

Dss : Difterential split-sample test

PB-DSS : Proxy-basin differential split-sample test
M-PB-DSS: Modified proxy-basin differential split-sample test

Figure 6.

Model Construction, Calibration, and Application

All models have had access to the same hvdrometeorological
data and catchment information at any time. Due to the nature
of the different models. however. the WATBAL and SHE have
been able to make more direct use of the available information
than the NAM.

In this respect. the NAM has disregarded the spatial varia-
tion of rainfall and used the catchment average series as input,
and for the simulation of ungauged catchments. a subjective
evaluation of catchment characteristics has been undertaken
‘or estimation of the appropriate model parameters. On the

ther hand, the WATBAL and SHE have attempted to ac-
count for the spatial variability of rainfalls as well as informa-
tion on typical storm durations to convert daily rainfall series
to realistic hourly rainfalls. Furthermore, these models have
directly used the available information on the spatial variation
of topography and soil and vegetation types and their charac-
teristics for model setup and estimation of appropriate model
parameters. :

As an illustration of the differences in model complexity and
the different abilities of the three modeling systems to utilize
the available distributed catchment data. some key facts for the
three model applications to the 1090 km* Ngezi-South catch-
ment are given in the following three paragraphs.

The NAM model considered the entire catchment as one
unit. utilized only catchment areal rainfall, and initially disre-
garded information on soil, vegetation. and geology. Such in-
formation was subsequently used on a subjective basis for as-
sessing likely parameter values in the PB tests on the other two
catchments. During the model calibrations (when aliowed) the
values of the 10 parameters were assessed.

The WATBAL model was established on the basis of six
meteorological zones, eight soil tvpes. and 11 vegetation types. -
The spatial occurrences of these three features resulted in 129
hydrological response units. During the model calibrations
(when allowed) parameter values reflecting root depths. soil
water retention capacity. soil hvdraulic conductivities, and time
'onstants in subsurface flow routing were adjusted.

The MIKE SHE also distributed the rainfall information 1o
different inputs in six meteorological zones. Information on
topography. sail, vegetation. and geology were distributed 10 a
1-km grid. Thus MIKE SHE carried out calculations at 1090
horizontal grid points. During the model calibrations (when

Model validation test schemes.

allowed) parameter values reflecting soil depth and maximum
root depths. as well as an empirical drainage time constant. -
were adjusted. In order 10 minimize the calibration work the

parameter values were not varied within all 1090 grid points.
but kept identical within each of the 13 land-use classes. In
general, the parameters for which field data were available.
such as soil water retention curves and leaf area index, were
not modified during the calibration process.

The present study has aimed at testing various types of
general modeling svstems. However, it should be emphasized
that validation results are not solely dependent on the model-
ing system but. indeed. also depend on the hvdrologist oper-
ating the model. including his or her personal interpretation of
available information and subjective assessments. In the
present study this element of uncertainty has been minimized
to the extent possible by assigning three experienced hydrolo-
gists with comprehensive experience in the application of each
of the three modeling systems and by providing each of them
with the same catchment data.

The calibration procedure adopted was that of “trial and
error,” implving that the hydrologists made subjective adjust-
ments of parameter values in between the calibration runs. The
numerical and graphical performance criteria described above
were used as important guidance for the hydrologists when
deciding upon the set of parameter values which they assessed
to be the optimal ones. As these decisions inevitably depend on
the personal experiences and judgments of the hydrologists, it
may be argued that this procedure adds an undesirable degree
of subjectivity 1o the results. However, given the large number
of performance criteria and the large number of adjustable
parameters, especially in the WATBAL and MIKE SHE mod-
els. suitable and well-proven automatic parameter optimiza-
tion techniques did not exist. Instead. by applying the standard
calibration procedure by which the three hydrologists had com-
prehensive experience, the results may be seen as typical re-
sults from three different modeling systems, when using stan-
dard engineering procedures for data collection, model
construction, and-calibration.

Results of Model Validation Test Scheme

The results of the six tests outlined in Figure 6 are summa-
rized in Figure 7. which shows the overall water balances and
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Figure 7. Summary of key validation results for all tests.

the R2 and EIl numerical criteria. Simulated and observed
hydrographs are shown in Figure 8 for two of the tests from the
Lundi and Ngezi-North catchments. Annual water balances
are shown for all the tests in Figures 9-15. Assessments of
uncertainties in the PB predictions are shown in Figures 16 and
17. Note that the different performance criteria presented in
the figures focus on different aspects. such as overall annual
water balances (Figures 9-17), monthly flows (R2 in Figure 7),
flow pattern on a daily basis (EI in Figure 7) and hydrograph
shapes (Figure 8). The results are discussed test by test in the
following sections.

SS Test

This test is based on data from Ngezi-South and comprises
an initial calibration of the models and a subsequent validation
using data for an independent period. As indicated in Figures
7. 9, and 10 the performances of the three models are very
similar. All models are able to provide a close fit to the re-
corded flows for the calibration period, while for the indepen-
dent validation period the performance is somewhat reduced,
as expected. The reduction is, however, limited, and all models
are able to maintain a very good representation of the overall
water balance and the interannual and seasonal variations, as
well as the general flow pattern.

2107

PB Test

This test comprises a transfer of models 10 the Lundi catch-
ment. adjustment of parameters to reflect the prevailing catch-
ment characteristics. and validation without anv calibration.
The PB test was arranged to test the capability of the different
models to represent runoff from an ungauged catchment arca.
and hence no calibration was allowed prior to the simulation.
All models have used the experience from the Ngezi-South
calibrations in combination with the available information on
the particular catchment characteristics for Lundi. While the
NAM model has used this information in a purely subjective
manner to revise model parameters. both the WATBAL and
MIKE SHE models have directly used this information for the
model} setup. The estimates prepared by the latter two models
have, however, also been influenced by the individual model-
ers’ subjective interpretation of the available information on
soil and vegetation characteristics.

In order to assess the effects of the uncertainty in parameter
estimation as perceived by the individual modelers. three al-
ternative runoff simulations were prepared. reflecting expected
low, central. and high (runoff) estimates. respectively. The re-
sults of the central estimates are included in Figures 7. 8a. and
11. 'while annual runoff figures for the assessed uncertainty
intervals are shown in Figure 16.

In general. all models provide an excellent representation of
the general flow pattern and the overall water balance, while
maintaining the significant interannual variability to a satisfac-
tory degree. The predicted hvdrographs for the rainv season of
1973/1974, shown in Figure 8a, confirm that the overall hydro-
graph pattern is predicted quite well by all three models.

The overall performance of the central estimates by the
NAM and MIKE SHE models is somewhat reduced compared
to validation runs for the Ngezi-South catchment as expected
when no calibration is possible. The estimates would. however.
still be very valuable for all practical purposes. For the
WATBAL model, the central estimate is even better than
obtained for the validation period for Ngezi-South. providing
for a very accurate representation of observed runoff record.

From Figure 16 it appears that the assessed uncertainty
interval for the NAM predictions of annual runoff is about
twice as wide as for the WATBAL and MIKE SHE predic-
tions.

M-PB Test

This test is based on the same data from Lundi as the above
PB test. The M-PB test was undertaken 1o evaluate whether
better model performance could be obtained should short-
term measurements be available for calibration. Hence, before
the results of the previous test were revealed. 1 year (1975/
1976) of runoff record was released for calibration, and the PB
test repeated. The.main resuits of this test are summarized in
Figure 7, and annual water balances are shown in Figure 12.

For the NAM model the short-term calibration leads to an
improved performance. decreasing the deviation of the overall
water balance to some 15%. At the same time, the statistics of
R2 and EI confirm the good representation of monthly flows
and the overall flow pattern in general.

For the WATBAL model the short-term calibration intro-
duces only a slight improvement in the overall performance.
The reason for this is thought to be due to the originally very
good performance, which in any case would be difficult to
improve. The main benefit of the short runoff record is in this
case primarily to confirm the validity of the central estimate
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Figure 8. (a) Lundi (central estimates) proxy-basin (PB) test hydrographs from 1973/1974. (b) Ngezi-North
(central estimates) PB differential split-sample (SS) test hydrographs for 1977/1978.

and hence 1o reduce the uncertainty related to the final runoff
estimate. In this sense the calibration has proven quite valuable
and would indeed be so in any practical case.

For the MIKE SHE model the calibration has not intro-

- Split-sample - calibration
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Figure 9. Annual water balances for the calibration part of
the SS test on Ngezi-South catchm=nt.

duced any improvement in the overall performance. As com-
pared 1o the best of the original estimates (i.e., the low case)
the calibration has in fact caused a deterioration of the per-

formance. This rather unfortunate incident may occur for all

Split-sample - validation
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Figure 10. Annual water balances for the validation part o
the SS test on Ngezi-South catchment.
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Figure 11. Annual water balances for PB test on Lundi

catchment.

types of models when calibration data are not fully consistent,
but it appears that the SHE type of model requires a greater
reliability of input data than other. more simple types of mod-
els to avoid the pitfall of miscalibration.

DSS Test

This test consists of model calibrations based on data from
Lundi for 4 wet vears (1971/1972-1975/1976 with mean annual
runoff of 171 mm) and validation on data from 3 very dry years
(1981/1982-1983/1984 with mean annual runoff of 8 mm). The
purpose of this test is to assess the capability of the models to
do simulations under nonstationary climate conditions. A sum-
mary of the main results of the differential SS tests is given in
Figure 7. and the annual water balances are shown in Figure
13.

As is evident from the results. both NAM and MIKE SHE
predict the water balance well. The WATBAL model, how-
ever, grosslv overestimates the peaks in the relative sense.
causing the simulated average runoff to be about twice that
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Figure 12. Annual water balances for modified proxy-basin

(M-PB) test on Lundi catchment.
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Figure 13. Annual water balances for differential split sam-
ple (DSS) test on Lundi catchment.

measured (15 mm compared to 8 mm). The related statistics
are poorer than those in the other testing schemes. but it
should be noted that even small deviations cause poor statistics
when mean flows are as low as those in this case.

PB-DSS Test

This test is based on data from the third catchment, Ngezi-
North. Without allowing for any prior calibration. all modelers
were requested 1o prepare low. central, and high estimates of
the expected series of flows for the 1977/1978-1983/1984 pe-
riod. This period contained a sequence of mainly wet years
(1977/1978-1980/1981) foliowed by 3 consecutive dry years,
with rainfalls being less than half of that experienced in the
former period. .

At the stage when the measured flow record was revealed, it
was unfortunately discovered that the record for the 1979/
1980-1980/1981 years was erroneous and hence had to be
disregarded when computing the test statistics. The results of
this test are summarized in Figure 7, while the annual water
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Figure 14. Annual water balances for proxy-basin differen-
tial split-sample (PB-DSS) test on Ngezi-North catchment.
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Figure 15. Annual water balances for modified proxy-basin
differential split-sample (M-PB-DSS) test on Ngezi-North
catchment.

balances are shown in Figure 14. The assessed uncertainty
intervals of the model predicted annual runoff are shown in
Figure 17.

From Figure 17 it appears that all models have managed to
provide for a nonbiased range of estimates of the overall water
balance, which for some models is quite narrow: NAM, =50%;
WATBAL, *=30%; and MIKE SHE, £10%. In terms of the
overall water balance, the central estimates of the models
agree within 25% (NAM), 5% (WATBAL), and 2% (MIKE
SHE). The agreement between the recorded and simulated
monthly flows and the flow duration curves, however, is less
accurate for NAM and MIKE SHE than for the WATBAL
model, which provides for an excellent fit in terms of these
measures. The reason for the somewhat fower R2 and EI
figures for the NAM model is related to its generally less
accurate prediction of flows, while for the MIKE SHE model
this is directly linked to the erroneous assessment of a key
drainage parameter, causing the model to produce much more
base flow than actually exist.

Hydrographs showing measured discharge and predictions
by the three models for the rainy season of 1977/1978 are
presented in Figure 8b. These graphs confirm the conclusions
derived from the numerical criteria. R2, and EI, namely, that
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Figure 16. Assessments of uncertainty interval for prediction
of annual water balances in the PB test on Lundi catchment.
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Figure 17. Assessments of uncertainty interval for prediction
of annual water balances in the PB-DSS test on Ngezi-North
catchment.

the WATBAL reproduces the observed hydrograph verv well.
while the daily hydrograph for MIKE SHE reveals major er-
rors in overall flow pattern. Note that the model which pro-
duces the best overall water balance (MIKE SHE) has at the
same time the poorest fit when compared on daily values.

"M-PB-DSS Test

This test is based on the same data from Ngezi-North as the
previous PB-DSS test. Following the calibration of all models
based on only 1 year of data (1977/1978), before the results for
other years were revealed the above test was repeated. The
main resulits of the modified.test are shown in Figures 7 and 15.
These results clearly demonstrate that access to only 1 year of
runoff data has enabled all models to provide an excellent
representation of the runoff within the entire testing period.

The overall water balance agrees within 7% for all models
and despite the fact that the calibration was based on a wet
vear, annual flows for the dry period come within the right
order of magnitude, although the relative deviation in some
cases is quite significant. The high R2 and EI scores achieved
by all models confirm that the representation of the monthly
flow sequence and the overall flow pattern has become ver
good after the calibration. )

Discussion and Conclusions

The three generalized modeling systems, NAM, WATBAL,
and MIKE SHE, have been subject to a rigorous testing
scheme on data from three Zimbabwean catchments. NAM is
a typical representative for the lumped conceptual class of
models, while MIKE SHE similarly belongs to the distributed
physically based class. WATBAL falls between the two classes.
However, for the specific applications in Zimbabwe, where
surface water hyvdrological aspects have been dominated, it can

‘be argued that WATBAL can be considered as another rep-

resentative of the distributed physically based class.

Although establishing an objective framework for the model
tests and intercomparisons has been attempted, it should be
recognized that the results of a certain validation will be influ-
enced by the specific test conditions, including the particular
climate, catchment characteristics, data availability, and quality
as well as subjective assessments made by the user (e.g., inte

pretation of available information for determining model pa- -~

rameters). Hence the obtained results are not only a function
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of the modeling svstem itself. but also of the user and numer-
ous other factors. To arrive al a firm conclusion many valida-
tions would usually be required. and the limited number of
tests undertaken therefore suggests that-individual results may
oniy be cautiously concluded.

With this caution regarding generality in mind. a number of
specific conclusions may be derived from the case study. First.
in view of the difficult tasks given 1o the models involving
simulation for ungauged catchments and nonsiationary time
periods. the overall performance of the models is considered
quite impressive. The overall water balance agrees within
=25% in all cases but one. and good results are achieved
without balancing out excessive positive and negative devia-
tions within individual vears. In most cases the models score an
R2 value at about 0.8 or greater and an El index generally
above 0.7.

Secondly. the following is noted with regard to the specific
types of validations tests:

1. For the SS test the NAM, WATBAL. and MIKE SHE
systems generally exhibit similar performance. All models are
able to provide a close fit to the recorded flows for the cali-
bration period. without severely reducing the performance
during the independent validation period. Hence this test sug-
gests that if an adequate runoff period for a few (3-3) years
exists, any of the modeling svstems could be used as a reliable
1oo! for filling in gaps in such records or used to extend runoff
series based on long-term rainfall series. Considering the data
requirements and efforts involved in the setup of the different
models. however. a simple model of the NAM tvpe should
generally be selected for such tasks.

2. Forthe PB tests. designed for validating the capability of
the models to represent flow series of ungauged catchments. it
had been expected that the physically based modcls would
produce better results than the simple tvpe of modcls. The
results, however. do not provide unambiguous support for this
hypothesis. All three modeling svstems generated good results.
with the WATBAL providing slightly more accurate results
than the others. Hence for the Zimbabwean conditions the
additional capabilities of the MIKE SHE. as compared to the
WATBAL. namely. the distributed physically based features
relating to subsurface flow. proved to be of little value in
simulating the water balance. For the PB tests it is noticed that
the uncertainty range represented by the Jow and high esti-
mates is significantlv larger for the NAM than for the WAT-
BAL and MIKE SHE cases. This probably refiects the fact that
parameter estimation for ungauged catchments is generally
more uncertain for thc NAM. whose parameters are semiem-
pirical coefficicnts without dircct links to catchment characier-
istics.

3. A general experience of the M-PB 1ests is that allowing
for model calibration based on onlv 1 vear of runoff data
improves the overail performance of all models. The improve-
ment appears 1o be particularly significant for the NAM modcl.
which also showed the largest unccriainties in the cases where
no calibration was possible.

4. For the DSS tests all models have been able to simulate
flows of the right order of magnitude and correct pattern.
Hence all models have proven their ability to simulate the
runoff pattern in periods with much reduced rainfall and runoff
as compared 10 the calibration period. On the basis of these
results there appears no immediate justification for using an
advanced tvpe of model to represent flows following a signif-
icant change of rainfall. providing a number of vears are avail-

able for calibration purposes. It is tempting to extend this
finding 10 suggest that the simple tvpe of model could be used
10 assess the impact of climate change on water resources. It
should be recognized. however. that above results cannot fully
justify such a hvpothesis. since a long-term climate change
would probably bring about changes in vegetation and their
evaporation. This 1vpe of nonstauonam\ has not been ade-
quately tested.

As far as the SS tests are concerned the above conclusion is
in full agreement with resuits of other studies [e.g.. Michaud
and Sorooshian. 1994]. With regard to the PB tests the present
conclusion in favor of the distributed physicallv based model-
ing svstems is in agreement with. albeit more vaguc than. that
of Michaud and Sorooshian [1994).

In summary. the present studyv. as well as ‘similar studics
reported in literature. suggests the following conclusions with
regard to rainfall runoff modeling.

1. Given a few (1-3) vears of runoff measurements. a
lumped model of the NAM tvpe would be a suitable tool from
the point of view of technical and economical feasibility. This
applies for catchments with homogencous climatic input as
well as cases where significant variations in the exogenous
input is encountered.

2. For ungauged catchmenis. however. where accurate
simulations are critical for water resources decisions, a distrib-
uted model is expected o give better results than a lumped
model if appropriate information on catchment characteristics
can be obtained.
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THE USE OF MATHEMATICAL MODELS IN FLOOD ACTION
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After the vast floodings in Bangladesh in 1987 and 1988, a comprehensive flood action plan was
launched with support from the international donor community under coordination of UNDP. The
action plan consisted of in total 27 different projects, all with focus on flood forecasting, flood control
and flood management. Most of the projects used mathematical models established by the Surface
Water Modelling Centre in Bangladesh for the analyses of shortterm and longterm impacts. These
models allow for local detailed analyses as well as combined regional analyses of all aspects related
to surface water management. The modelling package has been extended with an advanced real time
update routine, allowing its use for real time flood forecasting. An operational flood forecasting
system has been established for the entire major rivers system in Bangladesh. As one of the compo-
nents under the Flood Action Plan, a socalled Flood Management Model has been established.
Through coupling with GIS and other data management and analyses facilities, these models are
tailored for management use in connection with water resources planning and flood emergency opera-

tions.
1. INTRODUCTION

Owing to its geographical location, Bangladesh is exposed to a wide range of extreme natural phenom-
ena; it is located on a fragile portion of land in the worlds largest delta, which comprises three of the
worlds most unstable rivers. The rivers flowing into Bangladesh drain some of the wettest catchments
on earth with average yearly rainfalls as high as 11 m. In addition, Bangladesh is one of the most
fertile regions in the world.

Controlling of water is vital to Bangladesh. The sharing of water with the neighbour countries, India,

- Nepal, Bhutan and China is subject to frequent disputes. Within the country, numerous schemes for

flood protection, drainage and irrigation are implemented every year. Despite these efforts, it is
neither possible nor desirable to entirely prevent flooding in Bangladesh.

This view is supported by the findings of the recent comprehensive Flood Action Plan, which recom-
mends a combination of structural and non-structural approaches to the water management. The plan-
ning and design of such requires a delicate and difficult balance. It requires both an overall and a
detailed understanding of the complicated physical and sociological processes which are interlinked
by the water. These interrelationships make many of the problems too complex for the traditional
project-to-project type of planning. Management tools, capable of integrating all relevant processes

“and connecting easily with other important disciplines, are needed.

An important element in this has been the development of multipurpose mathematical models for the
entire country of Bangladesh with one general model for the major river system, and six regional
models for the separate regions, see Fig. 2. These models are increasingly used in the water planning
and management, and have become an important element in the design, monitoring and real time con-
trol.




The Surface Water Modelling Centre (SWMC) was established in 1990 to institutionalize the use of
these models. . (™
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In connection with establishment of the models, comprehensive survey programmes have been carried
out for the entire river system in the country, comprising surveys of river cross sections, hydrographic
data, sediment data, establishment of benchmark connections and at locations also water quality and

salinity measurements.

The first versions of the models were established just in time for use in the comprehensive Flood
Action Plan for Bangladesh, which was launched after the 1987 and 1988 floods. Out of the 26
different components of the Action Plan, the models were used in 15. It was possible to use the
models independently by the studies or with support from the Centre, as appropriate. A condition for
the use of the models was that additional data, which were measured and used to update and refine
them, were transferred back to the Centre. In this way the Centre maintains a currently updated
database and model suite for use in future water resources and flood studies.

Two of the 26 studies under the Flood Action Plan, which relied especially on modelling, will be
further described in the following. ‘

2. FLOOD FORECASTING AND MANAGEMENT

Flood fdrecasting is vital for Bangladesh. In nearly all monsoon seasons, 30 to 50 per cent of the
country is inundated causing severe damage and making thousands of people homeless.
The floods are caused by three main types of events:

Flash Floods

These occur mainly in the eastern and northern rivers where short duration heavy rainfalls in the
mountain catchments (within India), lead to rapidly rising hydrographs, rapid runoff response and very
fast flood waves with consequential damage. :

Rainfall Floods

These are caused locally by high rainfall intensities and long duration monsoon rainfall causing
flooding due to inadequate local drainage.

Monsoon Floods

These are caused by overflows from the major rivers and their tributaries causing often extensive areas
to inundate. The rivers rise slowly and may stay at high flows for extended periods of many weeks.
Simultaneous peaks on the three main rivers can cause particularly extensive flooding.

Storm surges

These are caused by cyciones in April-May and October-November, which generate tidal surges,
which inundate low lying areas at the coast and along the rivers in the coastal region.

A Disaster Management Bureau, DMB, was established in 1992 to be the focal point for the govern-
ment’s disaster management activities and with a wide brief:

- Enhancing the capacity of government and local-level authorities to warn people of
imminent threats of cyclones and floods

- Ensuring the effective dissemination of appropriate warnings of floods and cyclones

- Activating and operating a national Emergencies Operations Centre

- Developing planning and preparedness activities at all levels of the community
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The Disaster Management Bureau relies on operational forecasts made by the Flood Forecasting and
Warning Centre (FF&WC), which was established under the bangladesh Water Development Board

in 1972.

One of the Flood Action Plan components: FAP 10, aims at reinforcing and expanding the flood
forecasting and warning services of this Centre. The forecasting system is based on the MIKE 11 FF
Flood Forecasting version, which has been developed especially for this purpose. The core of the
system.is the General Model for the main river system in Bangladesh (described above).

During monsoon, the system is operated daily. Every morning, information about rainfall and water
levels from more than 40 stations in the country are transmitted through wireless radio to the
FF&WC. In addition, weather forecasts and satellite images are interpreted to derive the best estimate
of the rainfall for the days ahead. The rainfall data and boundary data at the Bay of Bengal and at the
geographical boundaries of the country are used as driving input for the simulation model. The water

level recordings within the country are used for "real time update” to improve the models perform-

ance and accuracy. Daily forecasts of water levels are issued 24, 48 and 72 hours ahead.

Thanks to the updating facility and to MIKE 11’s ability to accurately describe flood plain flows, the
quality of the forecasts have been very reliable. A general comparison for 1991, which was one of
the early years of applying the full system, yielded the following mean deviations:

- 24 hour forecast 4.7 cm
- 48 hour forecast 9.4 cm
- 72 hour forecast 14.1 cm

At present the flood forecasting system is being extended to cover also some of the large tributaries
to the main river system, see Fig. 3.

Fig. 3  Refined Flood Forecasting Model area with indication of the area where inundation forecast-
ing will be undertaken
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This allows more detailed forecasts especially in the northern regions. At the same time, the flood
plain description in the model will be refined and coupled with GIS, allowing inundation forecasting.
The forecast of inundation will be on "Thana” scale in form of flood maps (see Fig. 4).
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Fig. 4 Example of flood inundation map produced with GIS coupling.
3. FLOOD MANAGEMENT MODELLING

One of the central elements in the Flood Action Plan is the so-called "compartmentalisation”. The
idea is to construct series of ring dikes with gate structures, allowing for a controlled flooding and
drainage within and between compartments and between the compartments and the main rivers and
drainage channels. The flows could be through non-gated, throttling structures and gated structures
on the rim of the subcompartments and compartments. The identification of overall water-management
strategies for compartments and the development of simple operational rules are essennal for the suc-
cessful implementation of compartmentalisation on a large scale.

To address this need for detailed information on flood plain inundations and the development of
operational guidelines for flood control structures and schemes and for compartmentalisation, the
Flood Management Model (FMM) was developed. In the most basic terms, the FMM is a user-
friendly, graphics-based tool designed to assist decision makers in the management of floods. The
target group of FMM includes:
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- flood management decision makers

- operators of FCD schemes in general and of compartments in particular

- flood forecasting authorities

- planners and designers of FCD schemes and other infrastructure developments (roads,
highways, railways), which may have an impact on flooding and drainage conditions

- inland water transport authorities

- universities (research, education and training)

In the planning and management for flood-prone areas, a highly time consuming task is to examine
the flood impact on the numerous human functions in the area: infrastructure, housing, crop, water
intakes, electrical installations, emergency shelters etc. etc. An effective and convenient way to
provide an overview is by use of the database facilities in GIS. This allows overlay of different layers
of information, which is stored in a graphical form. One of these layers comprises the flood inundation
pattern (water levels and extend of flooding) computed with the hydrodynamic models. By subtracting
another layer of data with terrain elevations, the local depth of flooding can also be derived. The
system design allows for a rapid generation of inundation boundaries showing different flood scen-
arios, such as scenarios with or without flood protection measures, and thus guarantees a consistent
and effective approach to locating inundated land as compared to manual methods.

The flood impact maps are then overlaid with other spatial information on land-use, housing, infra-
structure etc. In this way, damage assessments can be made, and by coupling economic information,
the costs and benefits can be directly quantified and compared. For the derivation of e.g. crop damage
assessments, flood depth maps and flood duration maps are used in combination. By overlaying these
with crop maps, it is estimated where the crop can withstand the flood without being damaged (the
limit is typically three days). This information is translated into economical figures for the overall
evaluation and optimisation. An example of a flood damage map is given in Fig. 5.
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Fig. 5 Duration Depth and Crop Damage Map Examples.
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The FMM can be used for multiple purposes:

- designation of low-impact and high-impact development areas

- the estimation of cost-benefit ratios for flood mitigation proposals
- the overall optimisation of development plans

- the planning of emergency operations

- the on-line monitoring and real-time control.

In connection with the optimal planning and design, it is crucial to establish a set of design criteria,
which reflect the chosen statistical return period. These design criteria are again spatially distributed
and best represented in the GIS environment. By coupling the statistical (Extreme Value EVA) evalu-
ation directly to the GIS, it is possible to derive flood maps for any statistical return period, which
account for all local joint probability effects. Such methods replace the classical "design flood”
methods, which were especially poor in complex areas with large topographical variability and/or with
more than one source of impact (e.g. both flood and tide). The methodology of this approach is

sketched in Fig. 6.

Catchment Flood Damage
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Fig. 6 Outline of Flood Damage Evaluation Technique.
4. MORPHOLOGICAL MODELLING AND FORECASTING

The large rivers in Bangladesh are morphologically very unstable, and frequently change coarse. Bank
erosion is a severe problem at many locations, not least along the Brahmaputra river. The problem
is accentuated in connection with the Jamuna Bridge crossing presently under construction. The
concern on longer term is whether the river will maintain a stable course in the vicinity of the bridge.
In order to ensure this, huge guide walls are being constructed starting about 1.5 km upstream of the
bridge.
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The concern on shorter term is the morphological stability of the river during construction: Since the
construction was planned, the river has already changed coarse considerably, and a deep channel has
been scoured at the location where one of the two guide walls was planned to be constructed. This has
required a revision of the layout and the construction plans, and a forecast tool is required to ensure
adequate warning time, if further revisions are to be made.

The morphological forecast tool is based on an overall approach, which combines the use of one- and
two-dimensional mathematical hydrodynamic and morphological models with analyses of satellite
imageries to determine bank line changes and associated bank erosion rates. Large physical model tests
are also being carried out (at the River Research Institute), which support the mathematical modelling.

The central modelling tool is MIKE 21-Curvilinear, a general purpose suite of modules, which
describes the interaction between hydrodynamics and morphology. By aid of its curvilinear grid, it
is able to provide good resolution of the local flow pattern close to the bank, and with a (quasi 3-d)
description of helical flows near the banks, it is also in the state to simulate bank erosion.
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Fig. 7 Simulated change in flow speed due to bridge construction.
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The curvilinear model has been calibrated on the basis of detailed sediment transport and morphologi-
cal measurements in the area. It has been used to forecast hydrodynamic and morphological conditions
in the monsoon of 1996. Fig. 7 shows the forecasted change in the river morphology in 1996 due to
the construction of river training works for the Jamuna Bridge.

5. CONCLUSIONS

The water management in Bangladesh, its planning and design requires a delicate and difficult balance.
It requires both an overall and a detailed understanding of the complicated physical and sociological
processes which are interlinked by the water. These interrelationships make many of the problems too
complex for the traditional project-to-project type of planning. Management tools, capable of integra-
ting all relevant processes and connecting easily with other important disciplines, are needed.

An important element in this has been the development of multipurpose mathematical models for the
entire country of Bangladesh. These models are increasingly used in the water planning and mana-
gement, and have become an important element in the planning and design. Decision support systems
have been build, which merge and integrate knowledge arising from different disciplines by linking
their corresponding domain knowledge encapsulators. A convenient and effective tool in linking this

information and experts from different fields is GIS. A massive further development leading to a great
variety of new possibilities is expected in this area in future.
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Application of GIS in hydrological and hydraulic
modelling: DLIS and MIKE11-GIS
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Abstract. The DLIS (Danubian Lowland Information System) and the
MIKE 11-GIS represents two different applications of GIS technology in
relation to hydrological and hydraulic modelling. The DLIS integrates
ARC/INFO with the INFORMIX Reiational Database and serves as a
centralized GIS and database system with interfaces to hydrological and
hydraulic models. The most important interface is between DLIS and the
"hydrological modelling system MIKE SHE. The MIKE 11-GIS combines
GIS technology with a complex hydraulic modelling system. MIKE 11-
GIS is specifically tailored for presenting and analysing model output and
provides a unique tool for flood mapping and flood impact assessment.

- INTRODUCTION

Mathematical models have for decades been used to study and solve environmental
problems. However, during the past five to ten years there has been tremendous
progress in computer performance, and during the same period the price of computers
has decreased. Hence, the application of computer models in environmental engineering
has become more cost effective and has gradually increased. This development has
urged scientists to develop more comprehensive modelling systems in order to address
more complex environmental problems. Such complex modelling studies call for a
highly refined resolution of geometrical and physical data in the mathematical model.
The same applies for data for model calibration and validation. Moreover, . many
different types of model output may be produced and often model results must be

. processed and presented in many different ways in order to serve different purposes.

Hence, the modeller is not only facing the challenge of operating very complex models;
he also has to deal with large amounts of data, with interpretation of large amounts of
model output and finally, model results must be presented in a form which is also readily
understandable for non-experts. For transparent visualization of model results a GIS
often provides the required functionalities for maintaining, accessing, processing and
presenting any type of spatial data. This paper describes two different applications of
GIS within hydrological and hydraulic modelling, namely the "Danubian Lowland

. Information System" (DLIS) developed as part of a comprehensive environmental study

in Slovakia, and the MIKE11-GIS which was developed as part of a Flood Action Plan
in Bangladesh. The core mathematical modelling systems in this regard are the MIKE




150 . - Henrik Refstrup Serensen et al.

SHE and the MIKE 11 modelling systems, both developed by the Danish Hydraulic
Institute. The DLIS involves to a lesser degree also the MIKE 21 modelling system.

' THE MATHEMATICAL MODELLING SYSTEMS

MIKE SHE

MIKE SHE is a deterministic, fully distributed, physically based modelling system for

describing the major flow processes of the entire land phase of the hydrological cycle.

MIKE SHE solves the partial differential equations for the processes of overland and
channel flow, unsaturated and saturated subsurface flow, and the model is completed by
a description of the processes of snowmelt, interception and evapotranspiration. The
flow equations are solved numerically using finite difference methods. In the horizontal
plane, the catchment is discretized in a network of grid squares. River branches are
assumed to run along the boundaries of the squares. Within each square the soil profile
is described in a number of nodes, which above the groundwater table may become
partly saturated. One-dimensional unsaturated flow calculations may be carried out for
each vertical profile and each is dynamically coupled to a three-dimensional groundwater
flow model. Exchange of surface and subsurface water can also take place as river-
aquifer exchange. MIKE SHE provides results of the various components of the hydro-
logical cycle. Main model outputs are typically groundwater levels and groundwater
flow, actual evapotranspiration, water content in the unsaturated zone and flow and
water levels in rivers. A more comprehensive description of the MIKE SHE modelling
system is provided in Abbott er al. (1986a, 1986b) or MIKE SHE (1993).

MIKE 11 and MIKE 21

MIKE]11 is a comprehensive, physically based, one-dimensional modelling system for
simulation of free surface flows, sediment transport and water quality in estuaries,
rivers, irrigation systems and other surface water bodies. It is a fourth generation
modelling package designed for DOS and UNIX based computer platforms. The
hydrodynamic module of MIKE 11 is based on the complete partial differential equations
of open channel flow (Saint Venant). The MIKE 11 model operates on the basis of
information on river bed and flood plain topography, including man-made hydraulic
structures such as embankments, weirs, gates etc. The basic output of the MIKE 11
hydrodynamic module is water levels, discharge and flow velocities in rivers and on
flood plains distributed in time and space. A variety of add-on modules are available for
MIKE 11 including water quality and sediment transport modules. MIKE. 21 is a
hydrodynamic mathematical modelling system similar to MIKE 11, but operating in two
dimensions. A comprehensive description of the MIKE 11 and the MIKE 21 modelling
systems is provided in MIKE 11 (1993) and MIKE 21 (1993), respectively.

DANUBIAN LOWLAND INFORMATION SYSTEM (DLIS)

The Danubian Lowland Information System (DLIS) is based on an integration of
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ARC/INFO or ARC/VIEW and the INFORMIX relational database, linked to the
modelling systems MIKE SHE, MIKE 11 and MIKE 21 of which the link to MIKE SHE
is the most important. The DLIS has been developed by Dutch, Danish and Slovakian
scientists as part of the project "Danubian Lowland - Ground Water Model" which is
sponsored under the EU-PHARE programme. The project deals with a variety of
environmental issues in the Danubian lowland related to groundwater flow and ground-
water chemistry, river and reservoir hydrodynamics, water quality and sediment
transport, agricultural production and nitrate leaching, and aquatic and flood plain
ecology. The project 2rea comprises about 3000 km? and is located between Bratislava
and Komdrno in the Slovak Republic. During the last few decades a huge amount of data
has been collected within the project area providing a fine basis for setting up, calibra-
ting and validating the applied mathematical modelling systems. Moreover, the output
of the various established models is very comprehensive. Thus, the DLIS was developed
in order to provide a centralized GIS for maintaining, processing and presentation of
measured data as well as output data from the various mathematical models.

The INFORMIX component of DLIS

The INFORMIX relational database management system is used to store all data struc-
tures that can be related to a single point. In the database all data structures are attached
to an Information Point (IPT). An IPT is defined by the type of data recorded and by the
location of the point (x, y, (optionally z)). In DLIS 12 different groups of data have been
distinguished leading to 12 different types of IPT. For instance a channel information
point is a point where topographic information about the river bed and the flood plain
have been recorded. At a hydrological information point, river discharge, water levels,
suspended sediment concentration or a Q-h relation have been recorded and at a soil
profile information point soil physical characteristics such as hydraulic conductivities
or water retention curves have been recorded. Other IPTs allow storage of almost any
kind of relevant data such as ground surface elevation, time series of rainfall,
temperature or potential evapotranspiration, time series of groundwater quality data etc.
All data stored in INFORMIX are easily accessed from the DLIS user interface.

The ARC/INFO compbnent of DLIS

The ARC/INFO component of DLIS uses a geo-relational spatial model which supports
the management of spatial and tabular data. All spatial data are stored in the ARC/INFO
database while tabular data are stored in INFORMIX attached to a certain IPT. The
following spatial data structures (themes) have been implemented in the DLIS:

— general data (dls);

— groundwater data (grw),

— surface water data (sfw);

— subsoil data (ssl);

—~ thematic data (thm);

—~ geohydrological data (gim);

— background data (bck).
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The ARC/INFO part of DLIS is layer oriented enabling combination (display) of

different themes stored in ARC/INFO and IPT data stored in INFORMIX. Figure 1

gives an overview of the different themes stored in DLIS and of the different possibi-
lities of displaying themes.

~ Using DLIS to support mathematical modelling

The interface between the mathematical modelling systems and the DLIS is basically a
number of file format conversion routines enabling transfer of data from DLIS to the
models and vice versa. When using DLIS to support the mathematical modelling, three
principally different application phases may be distinguished.

Model set up phase Assuming that all necessary data have been collected and imple-

- mented in the DLIS, the first phase in a model application is always to set the model up.

This phase involves processing geometric and parametric data and implementing them
into the mathematical model. During this model set up phase GIS functionalities are
important. For a detailed MIKE SHE set up, various maps must be produced, for
instance maps of surface topography, geological layer boundaries, hydrogeological
properties, vegetation, coverage of meteorological stations etc. The DLIS includes
different functionalities for filtering or selecting specific IPT data before processing
them into maps. Many different selection methods exist but typically a selection of IPTs
to be further processed involves the selection of data within a certain area and from a
certain period of time. Hence, using such filters IPT data stored in INFORMIX can be
processed. For instance, an average measured groundwater level for a certain month or
a certain year may be produced. Any type of map produced in DLIS may subsequently
be exported to a MIKE SHE file format and used in the further modelling activities.
Time series stored in INFORMIX may also be stored in MIKE SHE file format.

Model calibration phase Model calibration typically involves comparison of
simulation results with measured data until the model reproduces measured data
satisfactorily. In order to fit the simulated data to the measured data different physical
parameters in the model are changed (calibrated). In groundwater modelling, the key
calibration parameters are typically the hydraulic conductivities of the saturated zone.
In MIKE SHE, hydraulic conductivities are represented as maps. In order to edit such
maps a specialized and fast tool is necessary. For this purpose, MIKE SHE has its own
mini GIS which allows graphical editing and overlay of landmarks (digitized data).
When calibrating a regional hydrological model there are typically certain areas, or
sometimes just single points, where the fit between simulated and measured data is not

satisfactory. This may obviously be due to insufficient model calibration but very often

such discrepancies are caused by deviation between the model and nature. For instance,
the presence of a canal, a groundwater abstraction or an impermeable area which is not
included in the model may locally cause large differences between modelled and
simulated results. In order to study measured data and hence identify and explain such
deviations, the DLIS has been a useful tool. Figure 2 shows how measured data can be
displayed in DLIS.
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Fig. 1 Spatial data structures in DLIS.

Result presentation phase Model results must be presented in a manner which is

readily understandable for non-experts as well as experts. For this purpose all general

ARC/INFO presentation facilities are available through the DLIS user interface. Any
kind of map which combines model results with different DLIS themes may be
produced. Legends, various symbols, labels and other items may be added in order to
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Fig. 2 Display of measured groundwater levels in DLIS. In addition the figure shows
the Danube River and minor channels, location of groundwater IPTs and paved areas
in the city of Bratislava (shaded).

create a desired lay out. In this phase DLIS has been used extensively.

MIKE 11-GIS

The MIKE 11-GIS is a fully menu-driven and generalized tool for flood mapping. The
MIKE 11-GIS is linked to ARC/INFO GIS or ARC/VIEW GIS. MIKE 11-GIS was
developed as part of the Flood Action Plan in Bangladesh. The\project (FAP25) Flood
Management Model was carried out by DHI. The overall objective of the study was to
establish a tool which can improve flood management practice in Bangladesh.

Flood mapping with MIKE 11-GIS

The MIKE 11 modelling system provides a generalized tool for analysis, design, o
planning and forecasting of all aspects of river flood dynamics. By merging MIKE 11
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with GIS technology a unique tool for displaying flood maps and related statistics is
generated. Basically, flood maps are produced by comparing MIKE 11 results in terms
of water elevations at different locations in rivers and on flood plains with a Digital
Elevation Model (DEM). Two different types of flood map may be produced, namely
flood depth and flood duration maps. In addition, comparison maps may be produced.
Comparison maps show the difference between two flood depth maps or two flood
duration maps. Hence, comparison maps are useful when studying results from two
different scenarios, for instance in order to illustrate the difference in flood depth for a
situation with and without flood protection measured such as embankments. A
schematized flood depth map is shown in Fig. 3. MIKE 11-GIS includes facilities for
producing different kinds of statistics, for instance maximum flood extent and time
series of water level or discharge at different locations in the rivers. At present, a DEM
is typically established by digitizing topographic maps, but in the near future satellite
generated DEMs will be most probably be sufficiently precise.

Flood impact assessment with MIKE 11-GIS

By combining flood maps with other GIS coverage, flood impact assessment becomes

.possible. By combining different types of GIS coverage with flood maps a wide variety

of flood impacts can be addressed by MIKE 11-GIS. A few examples are briefly
described below.

Impacts on infrastructure can be assessed by combining flood maps with infra-
structural GIS coverage. For instance, impacts on important transportation lines such
as railways, roads and airports can be assessed.
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Fig. 3 - KE11-GIS flood depth map. Bes Available C@p}f
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Impact on communities can be assessed by combining maps of, for instance,

population density with flood maps. In this regard, MIKE 11-GIS has been used as part

of a flood forecasting tool applied by DHI to different regions of the world.

Environmental impacts can be assessed by combining flood maps with maps of,
for instance, industries which store or produce highly toxic substances, or the location
of landfills or special waste treatment plants.

Impacts on agriculture can be assessed by combining flood maps with coverage of
different types of crops.

In order to make such flood impact assessments, some critical criteria expressed in
terms of flood depth and/or flood duration must be established. For instance, short and
shallow flooding of a certain crop may be beneficial for a crop while a too long or too
deep flood may be lethal. For communities (people and animals), a long lasting shallow
flood may not be critical while all deep floods may be lethal unless evacuation is carried
out. A schematized flood impact map is shown in Fig. 4, illustrating the impacts of a
flood event on a certain crop.
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CHAPTER 1
THE ROLE OF DISTRIBUTED HYDROLOGICAL MODELLING IN WATER

RESOURCES MANAGEMENT

J.C. REFSGAARD' AND M.B. ABBOTT?

! Danish Hydraulic Institute, Hersholm, Denmark

2 Imernational Institute for Infrastructural, Hydraulic and Environmenial
Engineering, Delf:, The Netherlands

1. Problems in Water Resources Management

"Scarcity and misuse of fresh water pose a serious and growing threat to sustainable development and
protection of the environment. Human health and welfare, food security, industrial development and the
ecosystems on which they depend, are all at risk, unless water and land resources are managed more
effectively in the present decade and beyond than they have been in the past®. (ICWE, 1992)

The present status and the future challenges facing hydrologists and water resources

managers are summarized in this way in the introductory paragraph of the Dublin

Statemnent on Water and Sustainable Development (ICWE, 1992). The Dublin Statement

was adopted by government-designated experts from 114 countries and representatives

of 80 international, intergovernmental and non-governmental organizations at the

International Conference on Water and the Environment (a preparatory conference for-
the UNCED conference held in Rio de Janeiro in June 1992).

Since the ancient civilizations of Persia, Egypt and Babylon some 4000 years ago,
water resources and water supply technology have played foundational roles in the
development and organisation of many societies.

However, rapid population growth and the industrial development during the past
few decades have caused an increasing pressure on land and water resources in almost
all regions of the world. Due to increasing demands for water for domestic,
agricultural, industrial, recreational and other uses and due to an increasing pollution
of surface and groundwater, water resources have become scarce narural resources.

The availability of good-quality water is criical for human survival, economic
development and the environment. Yet, water resources are not being managed in an
efficient and sustainable manner. At the ICWE and UNCED conferences focus was put
on past experiences of water resources management and new principles outlining
improved future approaches were agreed upon. The World Bank in a follow-up policy
paper (World Bank, 1993) emphasizes three problems which in particular need to be
addressed:

* Fragmented public investment programming and sector management, that have failed
to take account of the interdependencies among agencies, jurisdictions, and sectors
* Excessive reliance on overextended government agencies that have neglected the

)]
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need for economic pricing, financial accountability, and user participation and have

not provided services effectively to the poor
® Public investments and regulations that have neglected water quahty, health and

environmental concerns.

Central elements in the World Bank’s new policy are adoption of a comprehensive
policy framework and the treamment of water as an economic good, combined with
decentralized management and delivery structures, greater reliance on pricing, and
fuller participation of stakeholders.

Such new approach to water resources management requires, first of all, combined
efforts of professionals from a large range of disciplines such as economists,
administrators, engineers, hydrologists and ecologists, as well as a cross-sectoral
integration in the planning and management process. As the traditions for cooperation
and integration among these various disciplines and sectors have generally not been very
strong, this challenge is very large and crucial.

Additionally, the increased water resources problems and the new management
approach require improved water resources management tools based on sound scientific
principles and efficient technologies. Key characteristics of such improved technologies
are that they to a larger extent than the existing tools must facilitate a holistic view of
water resources as well as cooperation among different disciplines and sectors involved
in water resources management. This involves, amongst others, an integrated
description of the entire land phase of the hydrological cycle, an integrated description
of water quantity, quality and ecology, and integration of hydrological, ecological,
economical and administrative information in information systems specifically designed
for decisions makers at different levels.

The role of distributed hydrological models should be seen in this context. As will
be described later in this chapter and in other chapters of this book distributed
hydrological models are essential elements comprising some of these required
capabilities. Hence, distributed hydrological modeis are important and necessary, but
far from sufficient, tools in improving the future water resources management.

In Section 2 of this chapter a brief review is made of important present problems and

trends related to water resources. Section 3 provides a review of the state-of-the-art in.

hydrological modelling aiming to assist in the analysis and management of these

problems.
Section 4 contains a discussion on whxch factors limit the practical use of distributed
hydrological modelling in water resources management.

2. Key Issues and Trends in Water Resources
2.1. EFFECTS OF EXPLOITATION OF WATER RESOURCES

In 1940 the total global water use was about 1,000 ki’ per year. It had doubled by
1960 and doubled again by 1990 (Clarke, 1991). In most countries of the world there
is not enough readily available water of sufficient quality for another such doubling.
Developments in some countries, such as China and India, suggest that this may be

-~
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experienced within the first decade of the next centry, unless some major
jmprovements are made in water use efficiency.

One common result of a continuous exploitation of surface and groundwater sources
is a periodic or permanent lowering of the groundwater table and/or water level in
surface water bodies, thus limiting both the quantiry and quality of water available for
other users.

Heavy and sustained extraction of water and the resulting changes in its quantiry.
quality and accessibility can have irreversible effects on the flora and fauna in the
affected area. For example, the Niger River dried out for the first time in history in
1986, due to the combined effects of drought and the expansion of areas under
irrigation leading to increased water losses due to evaporation. Other major, regional

"examples are.the Colorado River (Carrier, 1991) and the Aral Sea, which both have

seriously deteriorated due to extensive water extraction in the upstream catchment area.
In addition to the lowering of the water table, other adverse effects of excessive

‘groundwater abstraction include increased concentrations of pollutants in the aquifer due

to reduced flow rates or changed geochemical conditions, increased risk of salt water
intrusion and land subsidence. The latter phenomenon may be illustrated by Bangkok,
where groundwater abstractions over decades for urban water supply has resulted in
land subsidence, in some places by more than 10 cm per year, thus contributing to
serious flooding (BMA, 1986).

2.2. IRRIGATION

The purpose of irrigation is to enable cultivation in regions, and during perods,
otherwise unsuited for farming and to stabilize crop production in regions with large
fluctuations in rainfall. Common sources of irrigation water are streams and rivers,
downstream releases from reservoirs or pumping from groundwater aquifers. In
addition, conjunctive use of surface and groundwater is particularly attractive in regions
where dry season irrigation is impossible from surface water sources alone.

By the mid-1980s the irrigated agricultural land in the world amounted to
approximately 220 million hectares. Only 15% of the world’s crop land is irrigated but

_ it contributes 30-40% of all agricuitural production (FAO, 1990).

Irrigated agriculture accounts for about 70% of water withdrawals in the world, but
the current overall performance of many irrigation systems is very poor. Inadequate
operation and maintenance and inefficient management contribute to many
environmental problems. In many irrigation schemes, 60% of the water diverted or
pumped for irrigation is ’lost’ on its way from the source to the plant. Hence, the
potential for conserving water by increasing irrigation efficiency is tremendous.

The major environmental problems result from the excessive application of irrigation
water to land with poor or non-existing drainage facilities. Under such conditions the
groundwater table rises and the land finally becomes waterlogged with increasingly
saline water and reduced crop yields. Once-thriving civilizations in such areas as
Mesopotamia and ancient Sri Lanka were destroyed as a result of waterlogging and
salinization, and the phenomenon is widespread today along the Indus, Nile, Tigris,
Euphrates and in other semi-arid and arid regions of the world. According to FAO
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(1990), around 15% of the world’s irrigated land is severely affected by saliniry, and
an additional 30%, approxnnately, are affected to some noticeable dcgree

2 3. LAND DEGRADATION AND SOIL EROSION

Land degradation and soil erosion is another major problem worldwide. Soil erosion
leads to the loss of valuable topsoil and causes silting, sedimentation, mrbxdlty problems
and pollution in downstream areas.

In Europe, for instance, erosion rates on agricultural land in the hxlly areas of the
Mediterranean and on sandy, loamy and chalky soils in northern Europe can reach 10-
100 t/ha/year (Morgan et al, 1992). These rates should be compared with a value of 1
t/ha/year which is generally considered the maximum allowable for the control of
pollution and the preservation of soil resources (Evans, 1981).

In some developing countries, land degradation is accelerated by increasing human
and livestock populations, resulting in overgrazing, bushfires, exploitation of croplands
and deforestation due to demand for firewood. In semi-arid and arid regions, such
degradation is called desertification. According to FAO (1990), desertification affects
nearly 75% of all productive rainfed lands and 60% of the rural population (280 million
people) living is these areas.

Negligence and lack of knowledge of the importance of upland catchments in soil and
water conservation do not only affect people living in these areas, but also result in
considerable damage and losses for lowland populations due to the flooding and
sedimentation of reservoirs. As a result, an estimated 160 million hectares of upland
catchments in tropical developing countries have been seriously degraded, affecting
approximately 20% of the world’s population (Danida, 1988).

2.4. SURFACE AND GROUND WATER POLLUTION

Until 2 few decades ago water quality was relatively unimportant, except in arid lands
where salinization occurred. Population growth, urbanisation and industrialization have
now resulted in such increased water demands and such levels of contamination of
. water from the disposal of wastes that the use of water today is limited by its quality
-rather than the quantity available in many areas.

Major issues in surface water pollution are pathogenic agents, organic polhmon
heavy merals, pesticides and industrial organics, acidification and eutrophication (WHO,
1991).

The extent and severity of the contamination of unsaturated zones and aquifers have
been underestimated in the past due to the relative inaccessibility of the aquifers and the
lack of reliable information on aquifer systems generally.

In many industrial countries groundwater pollution has become a key issue within
the last two decades. For example in Denmark, where more than 99% of the water used
is abstracted from groundwater, it was a general belief 15 years ago that the risk of
groundwater pollution was small. Today, surveys have indicated the existence of more
than 10,000 "hot spot’ point sources for groundwater pollution in terms of landfills,
chemical dumps, leaky oil tanks and many others and more than 400 million DKK
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(about 70 million US$) is spent annually for monitoring and remediation in order to

* save the country’s groundwater resources for the fumure. Furthermore, nitrogen and

icide poliutions due to agriculmral activities have been recognized as very serious
threats, and these will necessitate significant, and potentially very expensive, changes
in agriculrural practices, if these effects are to be reduced in the future.

2.5. FLOODS AND DROUGHTS

Economic losses from natural disasters increased three-fold berween the 1960s and the
1980s ICWE, 1992), while floods and droughts kill more people and cause more
damage than do any other natural disasters (Rodda, 1995).

In spite of a°continuous and ongoing construction of flood control structures such as
reservoirs and dikes the flood damages in many countries have continued to increase.
With an increasing pressure on land, also in flood plains, and an increasing awareness
of the potential negative ecological impacts of large reservoirs and other regulation
measures, these flood damages can be expected to increase significantly in the future.
The recent (1993, 1994, 1995) very large floods in the continental rivers Mississippi
and Rhine, both of which were considered to be *well controlled’, have generated
considerable uncertainty about whether the hydrological regime has changed due to
climate change or changes in land use, or both simultaneously.

2.6. AQUATIC ECOSYSTEMS

Water is a vital part of the environment and a home for many forms of life on which
the well-being of humans also ultimately depends. Disruption of flows has reduced the
productivity of many such ecosystems, devastated fisheries, agriculture and grazing, and
marginalized the rural communities which rely on these. Various kinds of pollution
exacerbate these problems, degrading water supplies, requiring more expensive water
treatment, destroying aquatic fauna, and denying recreation opportunities ICWE, 1992)

As an example, the destruction of wetlands has generally taken place at a dramatic
rate during this century, and especially so because these were formerly viewed, quite
wrongly, as wastelands. Thus, in the USA, 54% of the original wetlands had been lost
by the mid-1970s (Tiner, 1984), and similar figures apply for several countries in
Europe (Adams, 1986; Dugan, 1993).

2.7. POSSIBLE CLIMATE CHANGES

It is presently accepted that significant man-induced climate change may occur over the
next decades, in particular related to the increase of CO, concentrations in the
atmosphere.

Among the most important impacts of climate change will be its effects on the
hydrological cycle and its associated water management systems. Hence, there is a
danger that the resources of some areas will be reduced while others will suffer an

increase in flood damage.
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3. Model Applications in Water Resources Management - State-of-the-Art

Many reviews of hydrological models and their applicability to various water resources
problems exist in the literature, e.g. Stanbury (1986), Bowles and O’Connel (1988), De
Coursey (1988), Mangold and Tsang (1991) and Feddes et al (1988). Existing model
reviews generally focus on the scientific and to some extent the technological aspects.
However, only a few reviews focus on the status of practical applications of models.

In a review prepared for the Commission for the European Communities (SAST,
1992) the state-of-the-art of the existing modelling techniques was characterised both
with respect to the scientific and the technological status. Furthermore SAST (1992)
provided an overview of the status of practical use of models. An updated version of
this status is given in Table 1. For each of the potential fields of model application the
present status has been qualitatively assessed, ranging from "practically no operational
applications” to “"standard professional tool in many regions of the world".
Furthermore, the major constraints for practical applications of models within the
various fields have been identified.

It is realized that the scientific and technological stats of the various modelling
systems presently applied at different institutions varies considerably. The status given

in Table 1 refer to the state-of-the-art versions of modelling systems. Some of the

statements in Table 1 are justified and elaborated in the following subsections 3.1 - 3.9.
3.1. WATER RESOURCES ASSESSMENT

Water resources assessment is the determination of the quantity, quality and availability

of water resources, on the basis of which an evaluation of the possibilities for their

sustainable development, management and control can be made. '
Sound water resources assessment requires both access to good hydrological data and

the application of suitable modelling techniques. In cases where the focus is

concentrated completely on surface water or completely on groundwater the relevant
modelling tools are often rainfall-runoff models of the lumped conceptual type or
traditional two-dimensional groundwater models, respectively. In cases where surface
water and groundwater interaction is important, more comprehensive modelling tools
are required, such as distributed physically-based integrated catchment models.

In general, for whatever kind of application, adequate model codes exist and are
being used in many cases. There is however a need and a potential for a significant
increase in model application for water resources assessment. The main constraint in
this respect is most often an administrative tradition. However, technological
innovations such as improved user friendliness and computer-assisted parameter
estimation methods are also important.
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TABLE 1. Stars of appliw:ioni of hydrological modelling systems to various problem types

Field of Probiem STATUS OF APPLICATION
Adequacy  Sciemifically  Validadonon  Practical " Major Constraint
of Scientific Well Tested  Pilot Schemes  Applicadons for Practical
Basis ? ? Application
Water resources assessment )
® Groundwater Good Good Adequate Standard/Pan Administrative
» Surface water Very good  Very good Adequate Swndard/Part Admumnustraove
Irrigation Good Good Partially Very limited Techno/ Adsmin
Soil erosion Fair Fair Very limited Nil Science
Surface water poliution Good Good Adequate Some cases Adminisranve
Groundwater polludon .
* Point sourcas (landfills) - Good Good Partally Sandard/Pan Techno/Admin
® Non-point (agriculmre) Fair Fair Very limited Very limited
On-line forecasting ) i
® River flows/warer levels Very good Very good Adegquate Standard Nil }
® Surface water quality Good Good Adequare Sundard/Pan Daw/Admin !
® Groundwater heads/w.mble Very good Very good Pardally Very limited Daw/Techno |
* Groundwater quality © Fair Fair Nil Nil Science o
Effects of land use change !
* Flows Good Fair Fair Very limited Science
- ® Water gualirty Fair Fair Fair Nil Science
Agquatc ecology Fair Fair Very limited ¢ Very limited Science/Techno
Effects of climate change .
* Flows Good Good Fair Very limited Science ;
® Water quality Fair Fair Nil Nil Science : !
LEGEND: — —
Adequacy of scientific basis
- Poor: Large and crucial needs for improvements in scientfic basis
- Fair: Considerable needs for improvements in scientfic basis
- Good: - Some needs for improvements in scientfic basis
- Very good:  No present significant need for improvements in scientific basis .
Scientificatly well tested ?
- Poor: Large needs for fundamental tests of scientific method
- Fair: Considerable needs for testing (some) of the scientific basis
- Good: Some needs for esting of the sciendfic basis
-Very good:  No present significant need for testng of the scientific basis
Validarion on pilot schemes ?.
- Nil: No successful validagon on well controlied pilot schemes so far - urgent need for validation on pilot schemes
- Very limited: A few (2 couple of) validation cases - considerable needs for more validagon projects on pilot schemes
- Pardally: Some cases with successful validation on pilot schemes - some needs for further validatons
- Adequate: Many good validation - no further present needs
Practical applicarions
- Nil: Pracucally no operational applications

- Very limited: A few well proven cases of operational practical applicatons
- Some cases:  Some cases of well proven operational pracgcal applicatons

.- Standard/Pan: Sundard professional tool in some regions

- Standard: Standand professional ol in many regions of the worid
Major constrains for further practical application

- Dana: A Dau availability 2 major constraint

- Science: Inadequate sciengfic basis is a major constraint

- Technology: A technology push is required in order to make well proven methods more widely applicable
- Administrative: Administratve mradigon or missing economical motivaton is a major conswaint

Best Available Copy
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3.2. IRRIGATION

The irrigation sector is, with few exceptions, dominated by a low technological level
as far as hydrology is concerned. Thus, whereas the potential for improved irrigation
management by use of modern technology is tremendous with regard to positive
economic and environmental impacts, few attempts have been made so far to exploit
this

The requirements for the modernization of irrigation management include the

following key elements:

* Improved data acquisition techniques including modern sensors, on-line daua
transmission and spatial information from remote sensing data.

* Detailed hydrological/hydraulic modelling enabling full descriptions of soil moisture.
and groundwater conditions on a spatially distributed basis in the command area as
well as dynamic modelling of water flows and storages in the distribution and
‘drainage channel system. One of the first attempts in this regard was that made by
Lohani et al. (1993).

* Optimization techniques for managing the operation of reservoirs and other hydraulic
control structures.

The scientific basis appears adequate, while the two major constraints are the

administrative and engineering tradition in combination with a lack of well proven, fully

integrated, and user friendly technological solutions.
3.3. SOIL EROSION

The soil and water conservation sector is also characterized by a low technological level
as far as hydrological modelling is concerned. The most common method of estimating
soil erosion from a caichment is still the 'Universal Soil Loss Equation (USLE)’
(Wischmeier and Smith, 1965) which is a very simple, empirical equation originally
developed for hand calculations (see also Lerup and Styczen, Chapter 6).

A number of physically-based soil erosion models are being developed but more
research is required on process descriptions before large scale applications will be
feasible.

3.4. SURFACE WATER POLLUTION

The state-of-the-an in surface water quality modelling is comparatively good both with
regard to the scientific and technological status and models are being applied
extensively.

3.5. GROUNDWATER POLLUTION

The main problem in studies of groundwater pollution relates to obtaining a sufficiently
detailed three-dimensional description of the geology and in this way obtaining data on
the spatial variability of the hydraulic parameters which ultimately determine the
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transport and spreading of contaminants (Hansen and Gravesen, Chapter 10). In
general, the modelling technology with regard to groundwater flow and transport is well
advanced in comparison to the data acquisition problem (Storm and Refsgaard, Chapter
4).
‘ With regard to groundwater quality processes, research is still required on process
identification and associated parameter assessment for organic and inorganic
geocheﬁlica] processes and their interactions (Engesgaard, Chapter 5). With regard 10
non-point agrochemical pollution, some basic process descriptions in the root zone still
require research, especially with regard to the importance of agricultural management
techniques, such as tillage (Thorsen et al., Chapter 7).

3.6. ON-LINE FORECASTING

Hydrological models in combination with modern on-line data acquisition systems are
being used as standard tools for real-time flood forecasting purposes. At present,
lumped conceptual rainfall-runoff models in combination with hydrodynamic river
routing models represent the state-of-the-art for this type of application, and it is not
likely that more sophisticated disuibuted physically-based models in general can provide
significantly better levels of accuracy and overall reliability.

The scientific and, to a large extend, the technological basis also exist for applying
on-line forecasting systems in the fields of surface water quality and groundwater flow
and head estimation. In these areas the administrative tradition represents a constraint
upon practical applications.

3.7. EFFECTS OF LAND USE CHANGE

Prediction of effects of land use change on water quantity and water quality represent
an area of increasing importance. For instance, the possible effects of urbanisation or
deforestation on floods and droughts and the possible effects of changed cropping
pattern and other agricultural practises on soil erosion and ground water quality are key
issues in water resources management in many areas (Larup and Styczen, Chapter 6;
Thorsen et al., Chapter 7).

Whereas the existing modelling tools are very useful in addressing these issues, the
major constraint for widespread model applications in these subjects is a lack of basic
knowledge on process descriptions and parameter values.

3.8. AQUATIC ECOLOGY

Modelling of wetlands and aquatic ecology has traditionally been dominated by very
simple hydrological modelling tools, because the ecological processes themselves are
extremely complex and data demanding and because the most advanced hydrological
models, until recently, have not been able to provide sufficiently detailed descriptions
for ecological modellers. Hence, comprehensive modelling of aquatic ecology has until
now been carried out in relatively few cases. '
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However, a prerequisite for establishing a predictive capability for management
purposes within aquatic ecology is to make use of the most advanced of the distributed
physically-based modelling systems. An example of a comprehensive floodplain model
is given by Serensen et al. (Chapter 12).

Thus, the main constraints presently are of scientific and technologxcal nature. ’I'hese
constraints may be expected to be reduced as inverse methods, such as those effected
by Kalman filtering, neural networks, and genetic algorithms are brought into regular
use, while more advanced kmowledge-based ecological models will no doubt also
contribute further to advancing this area of application (e.g. Abbott et al., 1994).

3.9. EFFECTS OF CLIMATE CHANGE

Prediction of the hydrological effects of climate change is maybe one of the most
difficult issues with which hydrology is confronted. With todays technology the impact
of specified changes in precipitation, temperature and evaporation on river runoff, soil
moisture regime and groundwater recharge can be calculated with reasonable accuracy,
and any number of simple models can be constructed that will reproduce the one or the
other aspect of climate change.

However, a climate change will, gradually, also result in successions of vegetauon
types, changes in agriculwmral practises etc, which may be expected to have significant
effects on water resources. Thus, a considerable amount of further research is required
on these issues.

A major weakness in the present generation of climate models is their very simple
description of land surface processes, especially soil moisture and its spatial variations,
which to a large extent control the land surface - atmosphere interactions. Distributed
hydrological models appear to be suitable for this purpose, but have not been used so
far maybe due to lack of imerdisciplinary interactions. :

3.10. HISTORICAL RECONSTRUCTIONS OF THE IMPACTS OF HUMAN
ACTIVITY

A considerable interest accrues also to the reconstruction of the hydrology of river
basins and other areas as these have changed due to changing land use practises and the

construction of structures over considerable periods of time. Indeed, so extended are ‘

these periods that one can perhaps better speak of 'hydrological archaeology’. This is
necessary to determine the causes and possible remedies for often catastrophic flood
events for the purposes of risk assessment, insurance and investment planning,
legislation and litigation.

N

~ .
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4. A discussion on Constraints for the Practical Use of Distributed Hydrological
Modelling in Water Resources Management :

4.1. THE NEED FOR DISTRIBUTED HYDROLOGICAL MODELLING

It is evident from Section 3 that there is a growing need for advanced distributed
physically-based models. The traditional hydrological models of lumped conceprual type
are well suited to deal with the main part of current water resources assessment and
flood and drought forecasting, but more advanced tools are required for the remaining
problems. It is noticed that for many of the problem areas the need for the distributed
models reflects a demand for predictive capability on the effects of man-induced
impacts. Thus, there is a growing need to use distributed models as a management tool.

In the current discussion on the role and capabilities of distributed models versus
lumped models (Beven, Chapter 13A; Refsgaard et al., Chapter 13B) much focus is put
on rainfall-runoff modelling, whereas it should be recognized that the main challenge
and potential applications for distributed models lie much beyond this field of
application - in more difficult areas.

4.2. CONSTRAINTS FOR APPLICATIONS OF DISTRIBUTED HYDROLOGICAL
MODELS ’

Computer-based hydrological modelling has been carried out for more than three
decades. However, as elaborated by Klemes (1988) in a discussion of the (lack of)
scientific tradition in hydrology, the traditional deterministic hydrological models of
lumped conceptual type, such as the Sacramento model, are technological tools which
can not rightfully be claimed to be scientifically sound. Klemes (1988) generally
questioned the reliability of predictions made by such models. Similarly, Abbott (1972)
in a survey of hydrological models found little of predictive value.

The needs and the concept for a physically-based distributed catchment mode] were
initially outlined by Freeze and Harlan (1969). With Freeze’s pioneering work as a
particular inspiration, three European organizations in 1976 started the development of
the Systeme Hydrologique Européen (SHE) (Abbott et al., 1986a,b). Since then, a large
number of other distributed models have been developed.

Nevertheless, in spite of two decades of modelling development, distributed
hydrological models are today being used in practise only at a fraction of their
potential. For example an initial marketing survey conducted for the Commission of the
European Communities by the organisations behind the SHE in 1978 indicated a market
in the order of 21 billion ECU for works that would benefit from the application of
such modelling technology. With this background a distribution of the two present SHE
versions, MIKE SHE and SHETRAN, to not more than some 60 organisations world-
wide by the end of 1994, is far below the initial expectations of its developers. This
narrally calls for an explanation. With our background in developments and
applications of the SHE over the past two decades we shall present our perception of
the main reasons, or the constraints, that have given nise to this slower-than-expected
development.
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' 4.2.1. Data availability

A prerequisite for making full use of the distributed physically-based models is the
existence and easy accessibility of a large amount of data, including detailed spatial
information on natural parameters such as geology, soil and vegetation and man-made
impacts such as water abstractions, agricultural practices and discharge of pollutants.

In many cases all such relevant data do not exist and even the existing data is most
often not easily accessible due to the lack of suitably computerized data bases. A further
complication in this regard is the administrative problem created by the fact that these
models, in addition to -the traditional hydrometeorological data, require and can make
use of many other data sources, such as those arising from agriculmral, soil science and
geological investigations.

Thus, distributed models have had to work with such data as happens to be available,
which are rately if ever collected with a view to their compatibility with distributed
hydrological modelling activities. Hence, most distributed model codes are able to run
with different levels of data availability, and indeed in many cases (topographic data,
vegetation maps, etc.) are the only means whereby this data can be introduced directly
into decision-making processes.

For many years, high expectations have been directed to remote sensing techniques
for providing spatial data of use in distributed hydrological models. However, so far
operational use of remote sensing data are, with the exception of satellite-inferred snow
cover data and land use/vegetation mapping, not common practise. With the launching
of new satellites in recent years improved possibilities arise and, as discussed by De
Troch et al. (Chapter 9), there are now good reasons to expect the long awaited break-
through for large scale operational application of remote sensing data jointly with
distributed hydrological models.

Another important development gradually improving the avaxlabxhty of data is the
application of GIS technology, which is particularly suitable for couplings with
distributed hydrological models (Deckers and Te Stroet, Chapter 11).

4.2.2. Lack in scientific-hydrological understanding

With the introduction of a new modeliing paradigm and concurrent research in process

descriptions, new shortcomings in the scientific-hydrological understanding have
emerged, especially with regard to flow, transport and water quality processes at small
scales and their up-scaling to describe larger areas. Some of the key scientific problems
are highlighted in several chapters of this book.

These scientific shortcomings have, on the one hand, constrained the practical
applications of distributed hydrological models and, on the other hand, the existence and
application of such models have put a new focus on some of these problems, thus
contributing to advances in the scientific-hydrological understanding.

4.2.3. Traditions in hydrology and water resources engineering

The distributed physically-based model codes such as the SHE constituted a "quantum
jump’ in complexity as compared with any other code so far known in hydrology.
Moreover, it used technologies, such as had been developed in computational

.
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hydraulics, with which few hydrologists were fatmhar Although the numerical-
algorithmic problems could be largely overcome by development of the codes into user-
friendly fourth generation modelling systems with well proven algorithms, such as the
MIKE SHE, the problem was then shifted back to one of comprehending the fully
integrated complexity of the physical system that was being modelled together with the
constraints that were inherent in the modelling procedure. Very few professional
engineers and managers were, and still are, educated and trained with the necessary
integrated view of hydrological processes in anything like their real physical
complexity.

This difficulty is exacerbated by the very nature of hydrology itself, whereby most
professionals posses only limited view on the totality of the physical processes. Soil

‘physicists, plant physiologists, hydrogeologists and others usually have only a very

partial view on the whole system, while there are few organisations that have available
both the full range of such specialists and the more broader-ranging professionals that
are needed in many situations to exploit the potential of distributed physically-based
codes to such a degree that this exploitation is economically justified.

4.2.4. Technological constraint

In order to achieve a large dissemination of modelling technology to a considerable part
of the professional community (and not only to experienced hydrological modellers)
experience from hydraulic engineering shows that so-called fourth generation modelling
systems (user-friendly software products) are required. Furthermore, it is believed that
fifth generation systems are required in order for the modelling technologies to achieve
their full potential in terms of practical application. The fifth generation systems are
hydroinformatics-based including some of the elements outlined in Section 4.3. More
exact definitions of fourth and fifth generation systems are given by Refsgaard (Chapter
2). At present only a few fourth generation distributed physically-based hydrological
modelling systems exist and fifth generation systems are still at an experimental stage.
Experience in hydraulics however, where more than 2000 organisations already make
use of fourth genperation systems, suggests that this sitmation will change in the
foreseeable future. ‘

4.3. THE FUTURE ROLE OF HYDROINFORMATICS

In order to ensure a better use of the existing (and coming), most scientifically
advanced models for practical application by a wide group of professionals and
managers it will be necessary to integrate the hydrological model codes with new
hydroinformatics technologies including, amongst others, the following elements (see
also Babovic and Minns (Chapter 14):

Standards for "open” modelling systems. The more widespread apphcatxon of
modelling technology necessitates the development of standards defining common user
interfaces and model application interfaces, so that several modelling systems can be
easily coupled for specific applications. For instance, a hydrological flow model could
in this way be coupled with a soil erosion model and a river sediment transport model,
developed at different institutions, without changing anything in the programme codes,
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i.e these should be mutually full compatible. The standards should also ensure full
compatibility and easy use of other commonly used software, such as the various classes
of data bases, and then especially Geographical Information Systems (GISs).

Logical modelling rechniques. The application of logical modelling techniques. that
is, the coupling of numerical and logical programming, as already well advanced in
hydraulics, must be expected to have its own impact on the knowledge engineering
aspects of hydrology. »

Knowledge base systems. The application of proprietorial knowledge base systems
for various fields within water resources management can be expected to spread
correspondingly. Hence, knowledge elicitation technologies, making use of computer

‘aided knowledge engineering/elicitation tools, will also need to be applied in this field

also: .

Systemaric calibration. The application of methods for calibration of hydrological
models on an objective basis making use of both the available data and the hydrologist’s
experience may be expected to advance further. This will unavoidably involve many
elements of inverse modelling and introducing and combining many aspects of expert-
systems. . '

Optimization methods integrated with advanced models. The application of
optimization methods which are fully integrated both with advanced models and with

the above indicated hydroinformatics tools can be expected to be developed in

hydrology as they are now currently being applied in hydraulics.

Decision methods. The application of decision methods and the integration of such
methods with hydrological modelling systems for use in water resources control and
management will have also to be advanced. At this stage the hydrological model
becomes integrated in the new kinds of architectures and paradigms (of object
orientation and agent orientation) that are now becoming established in other fields.

The ultimate output of such research activities is a fifth generation modelling
environment, which may be described as a virtual hydrological environment. It will
make possible a combined access to several powerful features such as:

- standard interfaces to the most common data bases and GIS’s, giving the user access

to necessary specific data,

- a choice of alternative and compatible hydrological modelling systems,

- graphical interface, : ,

- utilities for model calibration, optimization, decision making and other methods, and

- enable professionals from other fields (agronomists, ecologists, meteorologists, etc)
to access integrated hydrological data and knowledge resources in an efficient and
responsible way. '

The declarations adopted by the ICWE-Dublin and the UNCED-Rio conferences call
for the abandoning of traditional sectoral approaches and the adoption of more
integrated water resources management strategies. As stated by Matthews (1994) in 2
description of the World Bank’s new policy, the need for "use of hydroinformatics for
the implementation of the Dublin and Rio declarations becomes evident”.

@
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TERMINOLOGY, MODELLING PROTOCOL AND CLASSIFICATION OF
HYDROLOGICAL MODEL CODES

J.C. REFSGAARD
Danish Hydraulic Institute

1. Ihtroduction

All hydrological models are simplified representations of the real world. Models can
be either physical (e.g. laboratory scale models), electrical analogue or mathematical.
The physical and analogue models have been very important in the past. However, the
mathematical group of models is by far the most easily and universally applicable, the
most widespread and the one with the most rapid development with regard to scientific
basis and application. The present book is devoted entirely to mathematical models.

The present book deals with simulation models in contrary 1o optimization models.
In Section 2 a consistent, general terminology terminology and methodology applicable
within the whole range of hydrological modelling is presented. Important elements
related to the methodology are described within the modelling context. Alongside this,
a terminology that is more suited to hydroinformatics applications, where such process
models form only part of more general information and knowledge-based systems, is
also introduced.

To a user, a hydrological model is composed of two main parts, namely a
hydrological core and a technological shell. The hydrological core is based on a certain
hydrological scientific basis providing the definitions of variables, the process
descriptions and other aspects. The technological shell is the programming, user
interface, pre- and postprocessing facilities etc. These two different and equally
important aspects are addressed in Section 3 and Section 5, respectively. Section 4 is
devoted to the problems caused by spatial variability of hydrological parameters and the
fundamental different ways that different model types takes this aspect into account.

2. Terminology and Methodology
2.1. DEFINITIONS OF BASIC TERMS

No unique and generally accepted terminology is presently used in the hydrological
community. Therefore, definitions of some of the most common terms used in
hydrological modelling and in hydroinformatics and employed in the following text are
given here.

The natural system that is considered here is the hydrological cycle or parts of it as

17
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we currently conceive it. This conception is naturally a function of our own social
environment, historical developments, linguistic traditions and other variables that
influence all disciplines, and not just hydrology. We shall suppose however that this

‘process of conceptualisation is uniform over current hydrological practice. Thus, to use

language of computer science that is also adopted by hydroinformatics. we shall assume
that there is "one universe of discourse’, and that this is uniform.

A hydrological model is a simplified representation of the natural system. From a
hydroinformatics point of view, a model is a collection of signs that serves as a sign,

so that the hydrological model is the set of signs (symbols and other tokens) that serve

as a representation of the natural system or some aspects of it.

A mathematical model is a set of mathematical expressions and logical statements
combined in order to simulate the natural system. This is then, hydroinformatically, a
model in which the signs are symbols organised within definite formal systems called
mathematical languages.

Simulation is the time-varying description of the natural system computed by the
hydrological model. A simulation may be seen as the model’s imitation of the behaviour
of the natural system. In hydroinformatics we speak of ’virtual worlds’ that provide
signs that mirror (albeit possibly in a simplified or distorted way) the signs that we
ourselves experience as 'the world of nature’. Our ’time consciensness’ can then also
be mirrorred, whether by a succession of images or through other, static-graphical
measures.

A routine, a component, or a submodel is part of a more comprehensive model, e.g.

" the snowmelt simulation part of a model for the complete land phase of the hydrological

cycle. Hydroinformatics speaks, with computer science generally, of an object, as a
representation of anything to which our thoughts can be directed. When an object
encapsulates knowledge that acts upon information so that it both acts upon and is itself
acted upon by other objects, it is called an agent.

A parameter is a constant in the mathematical expressions or logical statements of
the mathematical model. It remains constant in virtual time. A variable is a quantity
which varies in space and time. It can be a series of inputs to and outputs from the
model, but also a description of conditions in some component of the model. In
hydroinformatics it is an indicative sign (in the sense of Husserl), the indication of
which is towards a state of affairs that varies in time.

A dererministic model is a model where two equal sets of input (i.e. collections of
signs) always yield the same output sign if run through the model under identical
conditions. A deterministic model has no inner operations with a stochastic behaviour.

A stochastic model has at least one compdnem of random character which is not
explicit in the model input, but only implicit or *hidden’. Therefore, identical inputs
will generally result in different outputs if run through the model under, externally
seen, identical conditions.This notion can be extended to models in which the input has
a direct stochastic character.

We conceive a catchment as a region of physical space over which flows occur that
are collectively of concern to us. A catchment is thus an object towards which the
universe of discourse of hydrology becomes directed.

A lumped model is a model where the catchment is regarded as one unit. The
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variables and parameters are thus representing average values for the entire catchment.
Thus the viral world is reduced 1o just one object.

A distributed model take account of spatial variations in all variables and parameters.

By a physical process we understand a representation in our own minds of an event
occurring in our outer world of sense experience.

A black box or an empirical model is 2 model developed without any consideration
of the physical processes that we otherwise associate with the catchment. The model is

" merely based on analyses of concurrent input and output time series.

A conceptual mode! is one that is constructed on the basis of the physical processes
that we 'read’ into our observations of the catchment. In a conceptual model, physically
sound structures and equations are used together with semi-empirical ones. However.
the physical significance is not usually so clear that the parameters can be assessed from
direct measurements. Instead, it is necessary to estimate the parameters from
calibrations, applying concurrent input and output time series. A conceptual model,
which is usually a lumped-type model, is often called a grey box model.

A physically-based model describes the natural system using the basic mathematical
representations of the flows of mass, momentum and various forms of energy. For
catchment models, a physxcally-based model in practice also has to be fully distributed.
This type of model, also called a white box model, thus consists at its most basic
"human-friendly’ level of a set of linked partial differential, integral-differential and
integral equations together with parameters which, in principle, have direct physical
significances and can be evaluated by independent measurements.

In connection with the technological classification, a distinction is made berween a
model and a modelling system. A mode! is defined as a particular hydrological model |
established for a particular catchment. A modelling system, on the other hand, is
defined as a generalized software package, which, without program changes, can be
used 10 establish a model with the same basic types of equations (but allowing different
parameter values) for different catchments. The term model code is often used
synonymously with the term modelling system. Thus, most of the models referred to
in the present book are in fact generated using modelling systems. However, as this
technological distinction between model and modelling system is not recognized
rigorously throughout the hydrological scientific community, it is not maintained strictly
in this book either. ‘

2.2. GENERAL TERMINOLOGY FOR MODEL CREDIBILITY

Hydrological models are being developed and applied in increasing number and variety.
At the same time contradictions are emerging regarding the various claims of model
applicability on the one hand and the lack of validation of these claims on the other
hand. Hence, the credibility of the advanced models can often be questioned, and often
with good reason.

Many different definitions of model validation are presently used. A consistent
terminology with a set of definitions for terms such as concepmal model, computerized
model, verification, validation, domain of applicability and range of accuracy is given
by Schlesinger et al. (1979). Slightly different definitions are used by other authors e.g.
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Konikow (1978), Tsang (1991), Flavelle (1992) and Anderson and Woessner (1992).

Oreskes et al. (1994), using a philosophical framework, states that verification and
validation of numerical models of natural systems is theoretically impossible, because
namral systems are never closed and because model results are always non-unique.
Instead, in this view models can only be confirmed.

The following terminology is based on the general terminology proposed by
Schiesinger et at. (1979), but is relativised by references to current usage in
hydroinformatics (e.g. Abbott, 1991, 1993, 1994). The elements in the terrmnologv and

- their interrelationship are illustrated in Fig. 1.

Model
quaiification

A
'
.
'
'
'
v
’
s
'

Model
validation

Computer
simulation .

Computerized N\ .-~ ’
model! ,

Model
verification

Figure 1. Elements of modelling terminology and their interrelationships. After Schlesinger et al. (1979).

Schiesinger et al. (1979) defines the different terms in a manner that appears the =

most suited to current hydrological thinking, while hydroinformatics is obliged to define
them more generally, as follows:

Realiry: The natural system, understood here as the hydrological cycle or parts of it.
For hydroinformatics (as in philosophy and theology) reality and truth must be defined
together. Thus (Abbott, 1994): "Realiry is the name that we give to the interface
between our outer and our inner worlds and a truth is an intimation of the oneness of
these two worlds”. Here our outer world is the world given to us by our senses and our
inner world is our world of knowledge, including perceptual knowledge.

Conceptual model: Verbal descriptions, equations, governing relationships, or
"natural laws’ that purport to describe reality. This is then the sign representation of that

»
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place where our outer and inner worlds intersect.

Domain of intended application (of a conceptual model): Prescribed conditions for
which the conceptual model is intended to match reality. This is formulated differently.
in hydroinformatics, where reality in this sense is considered dynamic, and hence this
domain is viewed as that to which the intentions of the user of the model is directed.

Level of agreement (of the conceprual model): Expected agreement between the
conceptual model and reality, consistent with the domain of intended application and
the purpose for which the model was built. This is often expressed in terms of
performance criteria. This then becomes the observed agreement that can be expressed
berween the virtual world that the mathematical model is capable of reproducing when
translated into code and the world of nature as we perceive it.

* Model qualification: An estimation of the adequacy of the conceptual model to
provide an acceptable level of agreement for the domain of intended application.

Computerised model: Anyone of an (in principle) infinite number of operational
computer programs which implements a given conceptual model.

Model verificarion: Substantiation that a computerized model is in some sense a true
representation of a concepal model within certain specified limits or ranges of
application and corresponding accuracy. _

Domain of applicability (of a computerised model): Prescribed conditions for which
the computerised model has been tested, i.e. compared with reality 1o the extent that
is practically possible and judged suitable for use (through the process of model
validation, described below).

Range of accuracy (of computerised model): Demonstrated agreement between the
computerised model and reality within a stipulated domain of applicability. Since the
introduction of Computational Hydraulics (e.g. Abbott, 1979) this has also been called
the ’performance envelope’ of the computerised model.

Model validation: Substantiation that a computerised model within its domain of
applicability possesses a satisfactory range of accuracy consistent with the intended
application of the model.

Although hydroinformatics can maintain some more or less tenuous relations to
current practice in hydrology up to this point, as illustrated by the above definitions,
at this point on it proceeds along a different track. As it makes recourse to earlier and
longer established definitions, it treats validation in the manner set down by the
Scholastics of the XIIth and XIIIth centuries and as carried over in. the modern
existentialistic movement by Kierkegaard. Modifying this point of view to suit the
present context, there is a relation between ourselves and our outer world and another
relation between our model and its outer world. The first is the relation established by
our own sense experiences of the world of nature and the second is the relation
expressed through the virmal world that the model presents to us. The process of
validation then corresponds to a working out of the relation between these two relations
so as to bring them as closely as possible into harmony (see Abbott, 1991), as
schematised in Fig. 2 : '
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Relation | OUR OUTER
OURSELVES - —  WORLD
. The relation between
these two relations
v OUR MODEL'S
OUR MODEL w—— OUTER WORLD

Figure 2. Schematic illustration of the term validation in traditional hydroinformatics sense as working
out the relation between two relations.

It is generally understood, whether from theology, anthropology, mathematical logic
or whatever other discipline that investigates this process, that this working out process
is unending (e.g. Abbott, 1994). Thus models generally can only be more or less
validated, but never ’absolutely validated’. This is to say that ’reality’ and 'truth’ can
never coincide in any human construction.

Centification documentation: Documentation intended to communicate knowledge and
information concerning a model’s credibility and applicability, containing, as a
minimum, the following basic elements:

(1) Statements of the purposes for which the model has been built.

(2) Verbal and analytical descriptions of the conceptual model and the corresponding
computerised model. A

(3) Specification of the domain of applicability and range of accuracy related to the
purpose for which the model is intended.

" (4) Description of tests used for model verification and model validation and a
discussion of their adequacy. '

Model certification: Acceptance by the model user of the certification documentation
as adequate evidence that the computerised model can be effectively used for a specific
application.

Computer simulation: Exercise of a tested and certified computerized model to 'gain
insight into’ reality or rather, in the general terms of computer semiotics (e.g.
Anderson, 1990), to modify the user’s perception of reality.

- In the above definitions the term conceptual model should not be confused with the
word concepwal used in the traditional classification of hydrological models ("lumped,
conceptal” rainfall-runoff models), cf Subsection 2.1 and Section 3.

In practice the computerised model is usually not programmed separately for every
case, but most often prepared on the basis of a generalised software package. It is
therefore important to distinguish between the terms modelling system and model, as
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defined in Subsection 2.1 and Section 5.
In this context it should be observed that a modelling system or a code can itself be
verified. A code verification involves comparison of the numerical solution generated

by the code with one or more analytical solutions or with other numerical solutions.

Verification ensures that the computer program solves the equations that constitute the
mathematical model with an accuracy that is deemed adequate for the proposed
application. | '

Similarly, a model is said to be validated if its accuracy and predictive capability
throughout the process of validation has proven to lie within acceptable limits or errors.
It is important to notice that the term 'model validaton’ refers to a site specific
validation of a model. This must not be confused with a more general validation of a
generalised modelling system, which in principle is not possible.

2.3. MODELLING PROTOCOL

There are numerous pitfalls into which the modeller can fall when using hydrological
models. In this context it is essential that the user both has a thorough knowledge of the
hydrological processes being modelled and has a solid experience in modelling. A third
crucial factor is a good and rigorous procedure for applying models. Such a procedure,
which comprises a sequence of steps in a hydrological model application, is often
referred to as a modelling protocol.

In principle, such a protocol should be flexible, adaptive, open to new insights and,
even when it becomes formalised as a specific list of actions, quite ’opportunistic’ in
its application. The protocol described below is a translation of the general terminology
and methodology defined in Subsection 2.2 into the field of hydrological modelling. It
1s.furthermore inspired by the modelling protocol suggested by Anderson and Woessner
(1992), but modified concerning certain steps.

The protocol is illustrated in Fig. 3 and described step by step in the following. For

" each step the reference to Fig. 3 are shown with italic text, [while the references to the

general, current hydrological terminology in Fig. 1 and Subsection 2.2 are shown in

- brackets with italic text].

(1) The first step in a modelling protocol is to define the purpose of the model
application. Examples of purposes are rainfall-runoff simulation in a gauged
catchment, prediction of changes in runoff pattern due to changes in land use, and
the prediction of migration of contaminants. Other examples include interpretation
of flow and transport pattern as a framework for assembling and organizing field
data and formulating ideas about system dynamics. An important element in this
step is to give-a first assessment of the desired accuracies of the model outputs.
Once the purpose has been sufficiently clearly defined, it may be obvious which
type of modelling system is required in order to solve the specific problem. Of
course it may happen that the results of the study indicate other possibilities and
the possible need to use other tools, so that it may be necessary to return to this
step during any one project. [According to the terminology outlined in Subsection
2.2 this step corresponds to defining the domain of intended application.]
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Figure 3. The different steps in hydrological model application - 2 modelling protocol. Modified after

()

Anderson and Woessner (1992).

Based on the purpose of the specific problem and an analysis of the available field
data, the user must establish a conceptual model. In case of groundwater
modelling this may, amongst others, involve investigating the geological
conditions and decide the range of complexation to be included in the geological
model. In the case of combined groundwater and surface water hydrology studies,
it may, for instance, involve assessments of whether processes such as macropore
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flow and hysteresis in the unsaturated zone are important and need to be explicitly
modelled. In other words, a conceptual model comyrises the user’s perception of
the key hydrological processes in' the catchment and the corresponding
simplifications and numerical accuracy limits which are assumed acceprable in the
mathematical model in order to achieve the purpose of the modelling. [According
to the terminology outlined in Fig. 1, this step corresponds to preparing a
conceptual model on the basis of an analysis of the current perception of realiry.]
After having defined the conceptual model, a suitable computer program has to
be selected. In principle, the computer program can be prepared specifically for
the particular purpose. In practice, a code is often selecred among existing
generalized modelling systems. In this case it is important to ensure that the
selected code has been successfully verified for the particular type of application
in question. [The terminology in Subsection 2.2 does not explicitly consider
selection of an existing code, but rather programming which is development of a
new code.]

In case no existing code is considered suitable for the given conceptual model a
a code development has to take place. The computer code is a computer program
that contains an algorithm capable of solving the mathematical model numerically.
The term computer code is here used synonymously with the term generalised
modelling system. In order to substantiate that the code solves the equations in the
conceprual model within acceptable limits of accuracy a code verification is
required. In practise, code verification involves comparison of the numerical
solution generated by the model with one or more analytical solutions or with
other numerical solutions. [According to the terminology outlined in Fig. 1, this
step comprises programming and model verification.]

After having selected the code and collected the necessary field data, a mode!l
construction has to be made. This involves designing the model with regard to the
spatial discretisation of the catchment, setting boundary and initial conditions and
making a preliminary selection of parameter values from the field data. In the

-case of distributed modelling, the model construction involves parametrisation.

This process is described in more details in Chapter 3 of this book. [This step,
together with step 7 below, corresponds to the process of establishing a
computerised model referred to in Fig. 1.]

The next step is to define performance criteria that should be achieved during the
subsequent calibration and validation steps. When establishing performance
criteria, due consideration should be given to the accuracy desired for the specific
problem (as assessed under step 1) and to the realistic limit of accuracy
determined by the field situation and the available data (as assessed in connection
with step 5). If the performance criteria are specified unrealistically high, it will
either be necessary to modify the criteria or to collect more and possibly quite
other field data. fAccording to the hydrological terminology outlined in Section
2.2, this step corresponds to specifving the level of agreement.]

Model calibration in general involves manipulation of a specific model to
reproduce the response of the catchment under study within the range of accuracy
specified in the performance criteria. In practice this is most often done by trial-
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~ and-error adjustment of parameters, but automatic parameter estimation methods

may also sometimes be used. It is important to assess the uncertainty in the
estimation of model parameters, for example from sensitivity analyses. These
calibration techniques are discussed further in Chapter 3 of this book. (This step,
together with step 5 above, corresponds 1o the process of establishing a
computerised model referred to in Fig. 1.]

Model validation is the process of demonstrating that a given site specific model
is capable of making sufficiently accurate predictions. This implies the application
of the calibrated model without the changing of the parameter values that were set
during the calibration when simulating the response for another period than the
calibration period. The model is said to be validated if its accuracy and predictive
capability in the validation period have been proven to lie within acceptable limits
or to provide acceptable errors (as specified in the performance criteria).
Validation schemes for different purposes are outlined in Chapter 3 of this book.
[1t is this step that is also referred to as model validation in Fig. 1.]

Model simulation for prediction purposes is often the explicit aim of the model
application. In view of the uncertainties in parameter values and, possibly, in
future catchment conditions, it is advisable to carry out a predictive sensitivity
analysis to test the effects of these uncertainties on the predicted results. [This is
referred to as computer simulation in Fig. 1.]

Results are usually presented in reports. However, with the newest information
technology that is now emerging it is also possible to display modelling results as
(colour) animations. Furthermore, in certain cases, the final model is transferred
to the end user for subsequent day-to-day operational use. [This step is not
explicitly included in the general terminology in Section 2.2.]

-An extra possibility of validation of a site specific model is a socalled postaudzt.
A postaudit is carried out several years after the modelling study is completed and
the model’s predictions can be evaluated. Examples of postaudits from
groundwater modelling are given in Konikow (1986), Alley and Emery (1986) and
Konikow and Person (1985). [This step is not included in the general terminology
in Section 2.2.]
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3. Classification -according to Hydrological Process Description

3.1, CLASSIFICATION

Many attempts have been made to classify hydrological models, see e.g. Fleming
(1975) and Woolhiser (1973). The present classification, illustrated in Fig. 4. is
applicable to hydrological simulation models. The classification is in principle
applicable both to catchment models and to single component models such as
groundwater models. It is emphasized that the classification is schematic. and that many
;nodel codes do not fit exactly into one of the given classes. The construction of such
a- classification corresponds to the introduction of a taxonomy into the hydrological
universe of discourse. '

The two classical types of hydrological models are the deterministic and the
stochastic. During the 1960s and 1970s these two fundamentally different approaches
were developed within two more or less separate "hydrological schools”. However,
over the last decade, increasingly more interplay has occurred and a joint stochastic-
deterministic methodology today provides a very useful framework for addressing some
of the fundamental problems in hydrology such as taking spatial variability (scale
problems) into account and assessing uncertainties in modelling.

Hydrologica! Simulations Models

Deterministic Stochastic
Empirical Lumped Distributed
Conceptual Physically-
based

(black bax) | | (grey box) |} (white box)

Joint
Stochastic - Deterministic

Figure 4. Classification of hydrological models according to process description.

3.2. DETERMINISTIC MODELS

Deterministic models can be classified according to whether the model gives a lumped
or a distributed description of the considered area, and whether the description of the
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hydrological processes is empirical, conceptual, or more physically-based. As most
conceptual models are also lumped, and as most physically-based models are also
distributed, the three main groups of deterministic models shown in Fig. 4 emerge:

* Empirical models (black box).

* Lumped conceptual models (grey box).

* Distributed physically-based models (white box).

3.2.1. Empirical (black box) models

Black box models are empirical, involving mathematical equations that have been
assessed, not from the physical processes in the catchment, but from analyses of
concurrent input and output time series. Black box models may be divided into three

“main groups according to their origin, namely empirical hydrological methods.

statistically based methods and hydroinformatics based methods.

Empirically hydrological methods. Probably, the best known among the black box
models in hydrology is the unit hydrograph model and the models applying the unit

‘hydrograph principles, Sherman (1932), Nash (1959). Today, empirical hydrological

methods are often used in some components of more comprehensive models, e.g. the
unit hydrograph is often used for streamflow routing and a linear reservoir is often used
to represent the groundwater system in conceptual rainfall-runoff models.

Statistically based methods. Traditional statistical methods in hydrology have been
developed extensively with support from basic statistical theory. These methods are
often mathematically more advanced than the above empirical hydrological methods.

An important type of statistically based methods is comprised of the regression and
correlation models. Linear regression and correlation techniques are standard statistical
methods used to determine functional relationships between different data sets. The
relationships are characterized by correlation coefficients and standard deviations and
the parameter estimation is carried out using rigorous statistical methods involving tests
for significance and 'validity’ of the chosen model. Regression and correlation models
are often used as so-called ’transfer function models’ converting input time series to
output time series. Examples of such models include:

* Autoregressive Integrated Moving Average (ARIMA) models (Box and Jenkins,
1970), which amongst others have been used extensively in surface water hydrology
for establishing relationships between rainfall and discharge.

* The Constrained Linear Systems (CLS) model (Todinmi and Wallis (1977), which is
basically a composition of different linear regression relationships valid for intervals
between certain thresholds, so that it altogether functions as a non-linear model.

* Gauge to gauge correlation methods (e.g. WMO, 1994), which previously have
constituted the most used method for flood forecasting in large rivers, e.g. in India
and Bangladesh.

*  Antecedant Precipitation Index (API) model (e.g. WMO, 1994) correlating rainfall
volume and duration, the past days’ rainfall, and the season of the year to runoff.

Hydroinformatics based methods. A new group of ’transfer function models’ based on




o\

TmMINOLOGY. MODELLING FICU LAY MY wtariaress 4% 2 s avrs o - .

methods introduced more generally in hydroinformatics is now emerging. One class of
techniques is based on neural networks, while another class is based on evolutionary
algorithms. Both methods have been successfully tested on a tial basis for rainfall-

- runoff modelling, but they have not yet been sufficiently tested to be applied in

practice. However, the potential for such methods appears to be significant, especially
as a replacement of the statistically based methods, and for this reason they are

introduced in Chapter 14 of this book.

3.2.2 Lumped conceptual models
Models of the lumped conceptual type are mainly found within the field of rainfall-

runoff modelling. Lumped conceptual models operate with different but murually-
interrelated storages representing physical elements in a catchment. The mode of
operation may be characterized as a bookkeeping system that is continuously accounting
for the moisture contents in the storages.

Due to the lumped description, where all parameters and variables represent average
values over the entire catchment, the description of the hydrological processes cannot
be based directly on the equations that are supposed to be valid for the individual soil
columns. Hence, the equations are semi-empirical, but still with a physical basis.
Therefore, the model parameters cannot usually be assessed from field data alone, but
have to be obtained through the help of calibration. :

- The Stanford modelling system (Crawford and Linsley, 1966) is the classical
representative of this model type. The structure of the Stanford system is shown
schematically in Fig. 5.

Figure 5. Structure of the Stanford model

Numerous other rainfall-runoff modelling systems of the lumped conceptual type
exist. A brief description of 19 different systems is given by Fleming (1975). More
comprehensive and recent descriptions of a large number of modelling systems are

i)

3est Available Copy
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provided in Singh (1995).
The lumped, conceptual models are especially well suit=d for the simulation of the
rainfall-runoff process when hydrological time series exist that are sufficiently long for
a model calibration. Thus, typical fields of application include the extension of short
streamflow records based on long rainfall records and real-time rainfall-runoff
simulations for flow forecasting. ‘
Although no significant improvements have been made during the last decade with
regard to the fundamental structure and functioning of these models, many of the codes
have undergone a comprehensive technological development (see Section 4) enabling
them to be disseminated widely for practical application by a large group of users.
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3.2.3 Distributed physically-based models

- The principal mode of operat